Sol-gel preparation and characterization of titanium dioxide films for degradation of organic pollutants by Cimieri, Iolanda
  
 
FACULTY OF SCIENCES 
 
 
 
 
 
 
Sol-gel preparation and characterization 
of titanium dioxide films for degradation 
of organic pollutants 
 
 
Iolanda Cimieri 
 
 
 
 
 
 
 
Promoter: 
Prof. Dr. Dirk Poelman (Department of Solid State Sciences) 
 
 
 
 
 
 
Thesis submitted in fulfillment of the requirements for the award of the 
degree of Doctor of philosophy in Sciences: Physics 
 
 
 
Academic year 2013-2014 
  
 
Dutch translation of the title: 
“Sol-gel preparatie en karakterisering van titaniumdioxide films voor de 
afbraak van organische  verontreiniging” 
 
 
Members of the Exam Committee 
 
Chairman 
Prof. Dr. Freddy Callens (Ghent University, Department of Solid State Sciences) 
 
Reading Committee 
Dr. Hilde Poelman (Ghent University, Laboratory for Chemical Technology) 
Prof. Dr. Benoît Heinrichs (Université de Liège, Laboratoire de Génie chimique- Génie 
catalique) 
Dr. Daniela Meroni (Università degli Studi di Milano, Dipartimento di Chimica) 
Dr. Petra Lommens (Ghent University, Department of Inorganic and Physical 
Chemistry) 
 
Other Members of the examination Committee 
Prof. Dr. Dirk Poelman (Ghent University, Department of Solid State Sciences) 
Prof. Dr. Philippe Smet (Ghent University, Department of Solid State Sciences) 
 
 
 
Acknowledgments 
 
 
i 
 
 
Acknowledgements 
 
 
This thesis is the conclusion of my journey in obtaining my PhD. It was a long journey, 
during which I learned several things not only about science but also about life. My 
project would have failed without the great help, support and advices of all the people 
around me which are gratefully acknowledged here.  
 
First of all, I would like to express my sincerest gratitude to my promoter Prof. Dirk 
Poelman, for supporting me all these years with enthusiasm and utmost understanding. 
Under his guidance, I had the freedom to try new things in my own way and I greatly 
appreciated that freedom and the trust that he has placed in me. 
I am greatly grateful to Hilde Poelman for her invaluable help throughout my PhD 
studies. She always found time for reading my works and supporting me whenever I 
brought some problems of ongoing study.  
 
I want to thank also Prof. Philippe Smet for teaching me how to operate some 
characterization tools and because of his never failed enthusiasm and passion on 
research.  
I am profoundly grateful to all my colleagues in  LumiLab research group who provided 
a friendly environment to work and study. Above all, Nursen for her continuous support, 
her priceless friendship and sharing my happiness and sadness as well as making me 
close to home. I want to thank my “cuccioli” and above all Jonas (JJJ) and Jana because 
it was a pleasure to supervise them in their graduation project and because they made me 
really proud of them.   
Some of the results described in this thesis would not have been obtained without a close 
collaboration with the Laboratoire de Génie Chimique (Université de Liège). Therefore, I 
would like to express my sincere thanks to Prof. Heinrichs, Dr. Stephanie Lambert, Dr. 
Carlos A. Paez, Charline Malingreax and other people which have helped me in Liege. 
Acknowledgments 
 
 
ii 
 
Special thanks go to Elly and Christoph for their management assistances and to Nico De 
Roo and Olivier Jansen for their willingness to provide me technical trainings of some 
instruments and to answer many of my “dumb questions”.  
 
Also, I would like to express my gratitude to the members of the Examination Committee 
for the time they spent on evaluating my thesis. 
 
I also wish to thank my old and new friends (among which Maria, Diana, Giulia, Jerika, 
Mina, Andreia, Younousse, Eva, Simone) their support was fundamental and helped me 
to better survive every single challenge in the last years. 
 
Also I wish to thank Dr. Francesco Bennardo (creator of the website: 
http://geomol.0catch.com/fbennar.htm) for his support and encouragement during the last 
15 years and for providing the image on the cover page (unit cell of TiO2 anatase)  
 
Lastly, and most importantly, I wish to thank my family which is the source of greatest 
support and encouragement in every up and down of my life, namely, my brother and 
sister for taking care of the whole family business and errands; my parents for giving me 
example of being positive, unbeatable, honest and hard working. In particular, I cannot 
thank my father enough for my whole life for his guidance when I got lost and the 
freedom when we had different opinions. I would not be here and I would not be the 
woman I am without his support. 
 
Last, but certainly not least, I would like to thank my boyfriend Paolo for his patience 
and on-going support. 
 
 
Table of contents 
 
 
iii 
 
Table of contents 
Acknowledgments .......................................................................................................................................... i 
 
1 Introduction ................................................................................................................................................ 1 
1.1 Overview and research motivation ........................................................................................................ 1 
1.2 Structure of the thesis ............................................................................................................................ 3 
References ................................................................................................................................................... 6 
 
2 Fundamentals .............................................................................................................................................. 9 
2.1 Photocatalysis ...................................................................................................................................... 10 
2.2 TiO2 as photocatalyst ....................................................................................................................... 13 
2.2.1 TiO2 catalyst modifications ........................................................................................................ 16 
2.3 Sol-gel technique ................................................................................................................................ 19 
2.3.1 Drying and heat treatment ........................................................................................................... 21 
2.3.2 Thin film deposition .................................................................................................................... 22 
References ................................................................................................................................................. 25 
 
3 Characterization methods ........................................................................................................................ 31 
3.1 X-ray diffraction (XRD) ..................................................................................................................... 31 
3.2 Spectroscopic ellipsometry (SE) ......................................................................................................... 35 
3.3 TGA/DTA ........................................................................................................................................... 37 
3.4 Electron Microscopy ........................................................................................................................... 39 
3.4.1 Transmission Electron Microscopy ............................................................................................. 40 
3.4.2 Scanning electron Microscopy (SEM) and Energy Dispersive X-ray Spectrometry (EDS) ......... 42 
3.5 Spectrophotometry .............................................................................................................................. 44 
3.5.1 Transmission measurements ........................................................................................................ 45 
3.5.2 Diffuse reflectance spectroscopy (DRS) ...................................................................................... 47 
3.6 Atomic Force microscopy (AFM) ....................................................................................................... 49 
3.7 Photoluminescence Spectroscopy (PL) ............................................................................................... 50 
3.8 Brunauer, Emmett and Teller theory (BET) ........................................................................................ 53 
3.9 X-ray Photoelectron Spectroscopy (XPS) ........................................................................................... 57 
3.10 Photocatalytic tests ............................................................................................................................ 61 
Table of contents 
 
 
iv 
 
3.10.1 In aqueous medium .................................................................................................................... 61 
3.10.2 In gaseous phase ........................................................................................................................ 62 
3.10.3 Photocatalytic reactor design .................................................................................................... 63 
3.10.4 Reactor setup and procedure ..................................................................................................... 65 
3.10.5 Reactor setup changes ............................................................................................................... 74 
References ................................................................................................................................................. 77 
 
4 Preparation of V, Nb, Ta doped TiO2 by non-aqueous sol-gel technique ............................................ 81 
4.1 Preparation procedure ......................................................................................................................... 82 
4.2 Results ................................................................................................................................................. 83 
4.2.1 Undoped TiO2 films ..................................................................................................................... 83 
4.2.2 Doped TiO2 films ......................................................................................................................... 91 
4.3 Conclusions  ...................................................................................................................................... 100 
References ............................................................................................................................................... 101 
 
5 Novel sol-gel route to produce highly active films under visible light ................................................ 105 
5.1 Preparation procedure ....................................................................................................................... 106 
5.2 Results ............................................................................................................................................... 107 
5.3 Conclusions  ...................................................................................................................................... 116 
References ............................................................................................................................................... 118 
 
6 Comparison between aqueous and non-aqueous routes ......................................................................121 
6.1 Preparation procedure .......................................................................................................................121 
6.2 Results ...............................................................................................................................................123 
6.3 Conclusions .......................................................................................................................................135 
References ...............................................................................................................................................137 
 
7 Extension of TiO2 spectral sensitivity to visible light following rare-earth doping........................... 141 
7.1 Preparation procedure ....................................................................................................................... 143 
7.2 Results ............................................................................................................................................... 144 
7.2.1 XRD ........................................................................................................................................... 146 
7.2.2 SEM ........................................................................................................................................... 153 
7.2.3 DRS ............................................................................................................................................ 155 
7.2.4 PL............................................................................................................................................... 158 
7.2.5 XPS ............................................................................................................................................ 162 
7.2.6 PA .............................................................................................................................................. 169 
7.3 Conclusions  ...................................................................................................................................... 169 
Table of contents 
 
 
v 
 
References ............................................................................................................................................... 170 
 
8 Determination of the relation between film thickness and photocatalytic activity ...........................175 
8.1 Defects and cracks on coated films ...................................................................................................176 
8.2 Preparation procedure and optimization deposition technique ..........................................................177 
8.2.1 Optimization of non-aqueous system ......................................................................................... 179 
8.3 Results ...............................................................................................................................................181 
8.4 Conclusions .......................................................................................................................................188 
References ...............................................................................................................................................189 
 
9 Concluding remarks and future prospects ...........................................................................................193 
 
Summary .................................................................................................................................................... 197 
 
Samenvatting ............................................................................................................................................. 201 
 
 
 
 1 
 
Chapter 1 
Introduction   
 
1.1 Overview and research motivation 
In the last decades, in spite of the undeniable convenience and benefits that chemistry 
has provided us, we have had to deal with the consequences of the continuous release of 
hazardous agents into the natural environment. Indeed, phenomena such as global 
warming, stratospheric ozone layer depletion as well as troposphere photochemical 
pollution have become main subjects of concern due to their effect on human health and 
environmental quality. In recent years, the increased environmental sensibility of the 
public opinion and legislators has prompted the research activity into the development of 
technologies for environmental protection and remediation. Several methods such as 
catalytic combustion [1,2], membrane separation techniques [3,4] and non-thermal 
plasma processing [5] have been used for environmental remediation. However, 
photocatalysis, allowing the complete breakdown of a wide spectrum of polluting 
substances using oxygen of the air as oxidant and operating at room temperature and 
atmospheric pressure, is believed to be the most suitable to accomplish the efficient 
removal of highly hazardous pollutants, present in liquid effluents or in air. Alcohols and 
nitrophenols are both listed as highly dangerous pollutants by the Environmental 
Protection Agency. In particular, the former, being recognized as volatile organic 
compounds (VOCs), that is to say organic chemicals having high vapor pressure at room 
temperature, are responsible for the increased formation of photochemical smog, the 
depletion of the stratospheric ozone layer [6]; the latter are used as pesticides, 
insecticides, synthetic dyes and must be removed from wastewaters due to their high 
toxicity and solubility in water [7]. 
Titanium dioxide has been widely used in many applications in optical and technological 
fields [8,9] and as a result of its innumerable advantages, among which its low cost and 
structural stability. Recently, it also stood out among the various semiconductor 
materials for its photocatalytic properties for air and water purification [10-12]. 
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For the preparation of TiO2-based photocatalyst thin films, many methods are available, 
such as solvothermal synthesis [13, 14], electron beam evaporation [15], chemical vapor 
deposition [16] and sputtering [11,17-19].  
The sol-gel technique [8, 20, 21] equally proved to be an efficient and versatile method 
to prepare TiO2 fine powders and films, allowing the control of the stoichiometry and 
achieve high purity and homogeneity of the final product. It allows to work in mild and 
ambient atmospheric conditions and obtain highly porous and nanocrystalline materials. 
Forasmuch as most TiO2 applications are limited to UV light irradiation because it only 
absorbs light with wavelengths shorter than 380nm (UV region) much research has been 
prompted on modification procedures to extend its spectral sensitivity to visible light 
[8,22,23], which forms the largest part of solar radiation and is the main light emitted by 
lamps used in indoor illumination. In recent years, different approaches have been 
proposed to overcome this major drawback of TiO2 such as doping with metal ions or 
anions and ion implantation [24-27].  
Regardless of the innumerable works done on this subject, it is arduous to draw general 
conclusions on the effect of doping on TiO2 properties. For instance, a different doping 
approach can lead to totally dissimilar results making difficult to understand whether or 
not a certain ion dopant might shift the optical response of TiO2 from UV to visible 
range. It must be considered that the literature data exhibit sometimes contradictory 
results highlighting the fact that several “hidden” factors contribute to the process 
making this area of interest complex and uncertain. Based on the fact that the research 
on this material lingers therefore mostly topical due to the lack of a basic understanding 
of TiO2 and the doping influence on it, a major research goal has been proposed for this 
thesis which arises from the experimental research activity carried out in the Department 
of Solid State Science in the LumiLab group. The main aim of this thesis is to develop 
sol-gel chemistry suitable for the production of doped TiO2 photocatalyst thin films. 
Innovative sol-gel routes, both non-aqueous and aqueous, have been developed and then 
adapted for the production of doped TiO2 thin films. Among the transition metals tested, 
vanadium has been subjected to deeper investigations because three different vanadium 
doping approaches could be studied. This is particularly interesting, because usually, a 
single preparation method is chosen, and results – positive or negative – are reported 
based on this limited data set only.  
       Chapter 1                                                          Introduction 
 
 
3 
 
In a second stage of this work, the attention has been directed towards rare-earth metals 
and a screening of a series of rare earth (RE) doped TiO2 has been performed using three 
different contents of ion dopants and the catalyst performances were evaluated under 
both UV+ visible and visible only irradiation. The RE photocatalyst screening resulted 
in a positive outcome because the doping culminated in an enhancement of the 
photocatalytic activity of TiO2 in the visible region.  
 
As second objective of this work, the spin-coating process has been improved and 
optimized so that an extensive study of the relation between film thickness and 
photocatalytic activity for undoped TiO2 films could be presented. The results have been 
validated by employing the same method in the analysis of films made by two different 
and innovative sol-gel routes.  
 
1.2 Structure of the thesis 
This dissertation is organized in such way that each chapter presents its own introduction 
and list of references. Before turning to the essence of this thesis, a brief introduction of 
photocatalysis together with a general overall survey about TiO2 development and the 
sol-gel method and thin film preparation, necessary to understand the later chapters, is 
outlined in Chapter 2. 
Chapter 3 includes a general description of the techniques and equipments employed to 
characterize the sol-gel made films and powders along with the empirical formula used 
to calculate some of the most important parameters which play a role in determining the 
photocatalytic activity. Throughout the thesis work, a photocatalytic test reactor built in 
the framework of a previous project conducted in the same department at UGent, was 
used to evaluate the photocatalytic activity of thin films in the photodegradation of 
ethanol in air.  
The following chapters describe the preparation of TiO2 thin films by sol-gel processes. 
Specifically, Chapter 4 concerns the investigation of the influence of diethylene glycol 
(DEG), used to stabilize the sol and improve the adhesion of the coatings on the 
substrate,  on the physical properties and photocatalytic activity of undoped TiO2 thin 
films made by a non-aqueous sol-gel route. The latter has been also used to synthesize a 
series of V, Nb and Ta doped titania catalysts in the attempt to obtain a higher 
photoresponse from visible light. Two different doping approaches relative to the use of 
two dissimilar precursors have been employed to prepare vanadium doped samples. Part 
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of the work presented in Chapter 4 has been object of comparison in Chapter 5 which is 
devoted to the description of a novel non-aqueous sol-gel route involving ammonium 
metavanadate as vanadium precursor and diethanolamine as chelating agent.  
In Chapter 6, the effect of different solvents and different amounts of hydrolysis catalyst 
in a proposed aqueous sol-gel process is reported. The activity of the undoped films was 
tested by photodegradation of ethanol and 4-nitrophenol (performed in the Laboratory of 
Chemical Engineering of the University of Liège) which are typical contaminants 
responsible for indoor air and water pollution. The results are compared with those ones 
obtained by testing undoped films synthesized by the non aqueous sol-gel process 
described in Chapter 3.  
In Chapter 7, the aqueous sol-gel process which allowed to make the most active thin 
films  and presented in chapter 6, is employed for the purpose of extending the activity 
of TiO2 towards the visible range by using rare-earth metal dopants. The influence of 
different contents of dopants as well as their features have been investigated.  
Chapter 8 is focused on describing the optimization of the spin-coating procedure aimed 
at the achievement of transparent and homogeneous thin films synthesized by the sol-gel 
routes described in Chapter 5 and 6, respectively. Both sols have been used to prepare 
two series of films with an ascending number of layers so that the influence of thickness 
on the photocatalytic activity could be assessed. Conclusions based on the research 
activity performed during this PhD and future development are discussed in Chapter 9. 
 
 
The work presented in this thesis has resulted in the following peer-reviewed journal 
papers: 
I. I. Cimieri, H. Poelman, N. Avci, J. Geens, S. Lambert, B. Heinrichs, D. Poelman, Sol–
gel preparation of pure and doped TiO2 films for the photocatalytic oxidation of ethanol 
in air, J. Sol-Gel Sci. Technol. 63 (2012) 526-536 
II. I. Cimieri, H. Poelman, J. Ryckaert, D. Poelman, Novel sol-gel preparation of V-TiO2 
films for the photocatalytic oxidation of ethanol in air, J. Photochem. Photobiol. A: 
Chemistry  263 (2013) 1-7 
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Further, results presented in this dissertation have been the subject of the following 
communications in international conferences: 
 
• “Sol-gel preparation of pure and doped TiO2 films for the photocatalytic oxidation of 
ethanol in air”  presented during the 2nd International Symposium on Air Pollution 
Abatement Catalysis (APAC 2010), Cracow (Poland), 8-11 September, 2010 
• “Aqueous and non-aqueous sol-gel preparation of TiO2 films for the photocatalytic 
oxidation of ethanol in air” presented during the International Symposium on Advanced 
Complex Inorganic Nanomaterials (ACIN 2011), Namur (Belgium), 11-14 September 
2011 
• “Sol-gel preparation of rare-earth-metal doped TiO2 films for the photocatalytic 
oxidation of ethanol in air” presented during the International Symposium on Advanced 
Complex Inorganic Nanomaterials (ACIN 2011), Namur (Belgium), 11-14 September 
2011 
• “Microstructural and photocatalytic properties of nanocrystalline TiO2 prepared by 
precipitation” presented during the International Symposium on Advanced Complex 
Inorganic Nanomaterials (ACIN 2011), Namur (Belgium), 11-14 September 2011 
• “Rare earth doped TiO2 films for the visible light photocatalytic oxidation of ethanol in 
air” presented during the TiO2-16/AOTs-17, San Diego (California), 7-10 November, 
2011. 
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   Chapter 2 
Fundamentals 
 
As mentioned in Chapter 1, the remarkable growth in industry which has been 
experienced in the last decades has led to a prosperous lifestyle along with 
environmental pollution. The relentless emission of contaminants into the air and water, 
posed and keeps on posing a threat to people health and climate. In the framework of the 
Climate Plan of the European Union [1], the reduction of wastes discharge into the 
atmosphere has been widely discussed and the pollutants have been listed depending on 
their specific threats. 
The volatile organic compounds (VOC) represent an important group of contaminants 
and are responsible for the increased formation of photochemical smog, the depletion of 
the atmospheric ozone layer and the increased greenhouse effect [2]. Organo-chemical 
factories, exhausts and chimneys are the main sources of VOCs, but they are also present 
indoors and in vehicles as a consequence of the use of solvents, glues and paints. 
Nitrophenols used as pesticides, insecticides and synthetic dyes [3] are equally 
dangerous as VOCs, but due to their solubility in water, they put predominantly effluents 
under their threat. Since the demand for earth’s limited provisions of freshwater is 
continuously increasing it is essential to protect natural water resources as well as to 
develop new technologies for water and wastewater treatment. A special class of 
oxidation techniques, namely Advanced Oxidation Processes (AOPs) have proven to be 
promising in the abatement of those hazardous pollutants which exhibit high chemical 
stability and are hardly completely mineralized by means of the conventional 
purification treatments. Photocatalytic degradation processes were proposed as AOP by 
the department of environmental affairs of the European Union [4] and stood out to be 
the most effective technology in the treatment of wastewater and air pollutants. They are 
generally assisted by a semiconductor as photocatalyst and they require the presence of a 
primary oxidizing agent such as oxygen. Temperature and pressure conditions are mild, 
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the process itself is environmentally friendly and safe and the possibility of using 
sunlight as light source to activate the catalyst, reduces significantly the costs and 
improves the energy efficiency [5]. For all these reasons photocatalytic processes have 
been and are still object of study in order to address the serious and devastating 
problems aforesaid.  
 
2.1 Photocatalysis 
The mineralization of organic pollutants is not the only industrial application for which 
photocatalysis is successfully employed. Indeed, it shows also a high potential in the 
production of renewable fuels as well as in organic syntheses.  
Depending on the surroundings (in liquid or gaseous phase, or at the surface of solids), it 
is possible to distinguish two kinds of catalysis, that is heterogeneous and homogeneous 
catalysis. The former ones involve the adsorption of the reactant molecules on the 
catalyst surfaces, whereas in homogeneous catalysis, the catalysts are uniformly mixed 
with the reactant molecules (they are in the same phase). Semiconductors such as metal 
oxides or sulfides can act as catalysts in light-induced redox processes due to their 
electronic structure characterized by a filled valence band (VB) and an empty 
conduction band (CB). The band gap energy (Eg), that is the energy difference between 
the lowest energy level of the CB and the highest one of the VB, corresponds to the 
minimum energy of light required to make the material electrically (photo)-conductive. 
That said, photocatalysis apart from requiring oxygen, entails the irradiation of a 
semiconductor that acts as photocatalyst, with light having energy equal or greater than 
its band gap. As a consequence, there will be an excitation of an electron from the 
valence band to the conduction band and the formation of a hole in the valence band. 
Electrons and holes can then follow different pathways which are depicted in Fig. 2.1. 
As a result of the migration of electrons and holes to the semiconductor surface, an 
electron acceptor species A such as oxygen can be reduced, while the hole can combine 
with an electron from an electron donor species D which is thus oxidized.   
       Chapter 2                                                   
 
 
Fig. 2.1 Schematic illustration of some of the possible pathways which charge carriers follow as a 
consequence of the photoexcitation in a sensitized reaction, with 
recombination, respectively. 
 
However, holes and electrons can recombine i
semiconductor releasing energy in the form of heat. Since the recombination competes 
with the charge transfer, the former must be suppressed. This means that lattice defects 
play a significant and usually detrimental r
account for the catalysts deactivation. 
and valence bands as well as the redox potential levels of the adsorbed species determine 
the probability and rate of the 
Fig.2.2, conduction band electrons can reduce photocatalytically adsorbed species whose 
lower and higher redox potential are more negative and positive than the semiconductor 
conduction band and valen
      Fundamentals 
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a and b, volume and surface 
n the volume or at the surface of the 
ole because by trapping charge carriers they 
 The position of the band edges for conduction 
charge transfer process [6]. In particular, as shown in 
ce band gap, respectively [7, 8]. 
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Fig.2.2 Band gap positions (in eV) of some semiconductors using as reference the vacuum level and the 
normal hydrogen electrode (NHE) [8]
 
It must be stressed that the initial excitation can also occur in the adsorbate m
which subsequently interacts with the ground state catalyst. In this case, the reaction still 
can be classified as “photocatalysis”, however, the process itself is named catalyzed 
photoreaction. The other way around, illustrated in Fig.2.1, it is r
photoreaction. The reaction at the base of the process which leads to the mineralization 
of pollutants can be generally described as:
Eq.2.1 represents the reaction, namely a reduction, of 
oxidant to produce Ox– and the simultaneous oxidation of a reducing agent by means of 
the photogenerated hole. Representing the catalyst with C:
In air or anyway aerated conditions, molecular oxy
anions) adsorbed on the surface of the catalyst, act as electron acceptor and electron 
donor, respectively. The strong oxidizing HO
below (Eq. 2.3), is responsible for the str
(M) on the catalyst surface into several intermediates and even its total mineralization. 
However, also the species 
participate in the breaking down of the contaminants besides preventing the electron 
from recombining with the hole.
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The general mechanism of the hydroxyl-radical mediated photocatalytic reaction process 
can be described as follows in presence of air: 
Ch
   HO → C 	HO
• 	H     (2.3) 
Ce
   O	 → C 	O
•	
          (2.4) 
Ch
   OH → C 	HO•           (2.5) 
Ch
   M → C 	M•	     (2.6) 
	HO• M → Intermediate	 → Mineralization                        (2.7) 
In the equations (Eq. 2.3-11) are depicted the species which react with the catalyst, if 
adsorbed on its surface. Other collateral oxidizing species can be formed and then 
contribute to the oxidation of the organic reactant: 
2HO• → HO     (2.8) 
2HO•  HO → 2HO  O    (2.9) 
        2HO
• → HO  O     (2.10) 
HO•  HCO*
 → CO*
•  HO    (2.11)  
Heterogeneous photocatalysis is a rapidly expanding technology for environmental 
remediation due to its ability to remove both organic and inorganic species from gas and 
aqueous phase as well as the possibility of working at very low concentrations of 
contaminants (sub-part-per million). 
 
2.2 TiO2 as photocatalyst 
Semiconductors which exhibit a favorable combination of properties such as electronic 
band structure, light absorption and charge carrier transport features, are considered 
suitable as photocatalysts. Among the wide range of semiconductors such as ZnO, CdS, 
ZnS, SnO2, Fe2O3 and WO3 which have been used for photocatalysis [9] due to their 
economical competitiveness coming from the fact that they can be activated by sunlight, 
TiO2 drew much attention since Fujishima and Honda in 1972 [10] triggered the interest 
in its use as photocatalyst. Indeed, properties such as biological and chemical inertness, 
stability toward corrosion, low cost, high natural abundance and lack of toxicity as well 
as high ultraviolet absorption make TiO2 a suitable semiconductor for different 
applications, among which electroceramics, self-cleaning materials, solar cell 
technology and photocatalytic degradation of pollutants in air and water [11-13]. 
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Another feature that makes TiO2 a good  photocatalyst is its being a wide-band gap 
semiconductor. As a matter of fact, this kind of semiconductor exhibits a higher free 
energy of photogenerated charge carriers than low band-gap materials and this allows 
them to show a better photocatalytic performance. 
TiO2 occurs in three different crystalline phases, namely, brookite, rutile and anatase.  
The former has a crystalline structure which corresponds to the orthorhombic symmetry, 
whereas both anatase and rutile show a tetragonal one in which titanium (Ti4+) atoms are 
surrounded octahedrally by six oxygen atoms. The lattice distortion as well as the 
aggregation of the octahedral chains (TiO26-) result in two dissimilar tetragonal phases 
with dissimilar lattice constants for anatase (a= b= 3.782 Å, c= 9.502Å) and rutile ( a= 
b= 4.584Å, c= 2.953Å) [14]. In anatase the octahedra share the corners forming (001) 
planes whereas in rutile the octahedra share edges at (001) planes as depicted in Fig. 2.3. 
   
Fig.2.3 Crystal structure of anatase (left) and rutile (right) 
 
Because of oxygen deficiency, TiO2 is typically an n-type semiconductor which has a 
band gap ≅ 3.2eV for anatase and brookite, and 3.0 eV for rutile [15]. The most active 
allotropic form is anatase. Its formation is preferred from a kinetic point of view for 
temperatures below 600°C. Although this crystal structure is thermodynamically less 
stable than rutile [16], at normal pressure and low temperatures both metastable 
polymorphs, that is anatase and brookite, are almost as stable as rutile. Indeed, taking 
into account the differences in Gibbs free energy which are relatively small (4-20 
kJ/mol), the relative phase stability proves to be inversely proportional to the particle 
dimensions. In other words, the smaller the particle size, the higher the surface/volume 
ratio, the higher the surface free energies and surface stresses. Therefore, assuming that 
the 3 crystalline phases have the same particle sizes, anatase will be the most 
thermodynamically stable polymorph for sizes less than 11nm whereas rutile for sizes 
       Chapter 2                                                         Fundamentals 
 
15 
 
larger than 35nm and brookite for particle sizes from 11 to 35nm [11]. Despite the 
theoretical observations about the particle size and the relative phase stability, it must be 
stressed that the grain growth which is a trifle at low firing temperature but is substantial 
at higher temperatures, plays a significant role because it determines the final active 
surface area of the catalyst whose grain or crystallite sizes generally are smaller than 
100nm. 
Further, the crystal growth makes a comparison between different phase catalysts 
meaningless because if the firing conditions are dissimilar, the crystal growth will not be 
the same and hence the surface area will be unalike.  
Although both forms, anatase and rutile, exhibit good photocatalytic properties, anatase 
has been topic of most research with respect to photocatalysis because it has been found 
to be the most active form assuming identical morphological properties (shape, porosity 
as well as primary and secondary particle size) for both [5,11,12].  
The mechanism responsible for the better performances of anatase is unclear. However, 
some hypotheses have been made while research is still in progress attempting to gain a 
complete understanding of this phenomenon [17]. The Fermi level of anatase is 0.1eV 
higher than the rutile one. This means that anatase has a lower oxygen affinity and hence 
a larger amount of hydroxyl groups is present on the surface leading to a higher 
photocatalytic activity. In addition, since anatase has a wider band gap, the outer shell 
electrons might have a lower effective electron mass which would result in a higher 
electron mobility and hence higher activity. Another possible explanation takes into 
account the band gap theory and in particular, the fact that anatase and rutile show an 
indirect and direct band gap, respectively [17]. Indeed, in an indirect band gap material, 
such as anatase, the minimum in the conduction band does not coincide with the 
maximum in the valence band unlike in direct band gap materials. Therefore the electron 
does not return easily to the valence band, rather indeed the excited electrons settle in the 
lower levels in the conduction band itself so that they possess a longer lifetime [17]. 
Other researchers supposed that the higher activity of anatase might be ascribed to a 
different packing density and a larger control of defects which are accountable for 
electron-hole recombination because they act as trap sites for the photogenerated charge 
carriers. Effectively, this is why the amorphous state which presents a high content of 
defects in the lattice structure, is expected to show no photocatalytic activity [11]. The 
same is valid for materials whose grain size decreases below about 10nm and where 
hence, grain boundaries defined by a defective lattice, dominate.  
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The theory according to which anatase is the most active however, is debatable in the 
light of recent studies which report that the presence in the anatase of a small amount of 
rutile is beneficial to the photocatalytic activity. The Degussa P25 powder, used as 
reference throughout this dissertation, might be considered as a confirmation of this 
because it contains a mixture of anatase/rutile TiO2 with ratio equal to 80:20 [11], 
nonetheless an elucidation of the mechanism that explains why mixed-phase samples of 
anatase and rutile outperform the individual polymorphs has not been provided yet [18]. 
However, a hypothesis has been postulated, that is, the smaller band gap of rutile 
(Fig.2.2) absorbing the photons, leads to the generation of charge carriers. After that, an 
electron transfer from the conduction band of rutile to electron traps in the anatase phase 
occurs [19]. 
 
2.2.1 TiO2 catalyst modifications 
Starting from 1972 when Fujishima and Honda revealed the high potential of TiO2 in the 
photoelectrochemical splitting of water, several other breakthroughs have been reported 
regarding its use for environmental remediation [20, 21], for anti-fogging and self-
cleaning materials [22] and for efficient dye sensitized solar cells (DSSC) [23]. Most of 
these applications would make the most of the development of systems in which natural 
sunlight can be used. Indeed, if we would be able to exploit only 0.01% of the solar 
energy, science and technology would experience a profound and extremely positive 
improvement.  
Even though TiO2 stood out to be an excellent photocatalyst, its use and its efficiency is 
limited due to three main drawbacks that are: 
i. a large band gap which only allows absorption of UV of the solar spectrum;  
ii. rather low number of absorbed photons (only those in UV) during the 
degradation process  
iii. the inconvenience, belonging to any powder catalyst, in water remediation 
treatment, of separating the photocatalyst used as suspension, from the treated 
water. 
Physical and chemical intrinsic properties such as surface area, particle size distribution, 
porosity, composition and defect concentration as well as the number, lifetime and 
diffusion length of the free charge carriers of the photocatalyst are known to affect the 
photocatalytic efficiency of the semiconductor. 
       Chapter 2                                                         Fundamentals 
 
17 
 
Recently, research has devoted many efforts to the improvement of TiO2 photoefficiency 
and finding a solution for the main reasons which restrict the TiO2 use. In particular, 
several paths have been tried, namely: 
 enable the photoexcitation at lower energies by shifting the conduction and /or valence 
band towards each other 
 replace Ti4+ atoms with other cations, which can introduce impurity levels into the band 
gap of titania and thus benefit to the photocatalysis 
 improve the electron-hole separation efficiency or in other words, increase the lifetime 
of the charge carriers of the active species  
 develop immobilized TiO2 catalysts disguised as transparent thin films coated on several 
kinds of supports 
 enhance the reactant adsorption capacity at the catalyst surface by increasing the 
effective surface area 
The modification methods employed to improve TiO2 photo-efficiency include doping 
by metal and non-metal ions into the TiO2 lattice [24-27], surface modification by noble 
metals deposition [28], dye sensitization [29, 30] and mixture of different 
semiconductors [31].  
Among them TiO2 doping is the most studied method, even though the results reported 
in literature are often controversial. This is mainly due to the procedure used to dope 
inasmuch different doping methods lead to different morphological and crystalline 
structures of the catalyst and hence to different activities [32]. Two types of doping can 
be distinguished: the n-type, which implies that occupied donor levels are created very 
near the conduction band edge and negative charge carriers are the main carriers of 
current and p-type, corresponding to the formation of empty acceptor levels near the 
valence band which leads to the creation of positive charge carriers through which the 
current is carried.  
The main aim of metal doping is inducing a batho-chromic shift resulting in an enhanced 
light absorption in the visible region. Specifically, this happens as a result of narrowing 
the band gap or the insertion of intra band gap states.  
The dopant ions can occupy three possible positions in the semiconductor and in 
particular, the catalyst may adsorb them, they may form detached oxide phases or their 
incorporation into the TiO2 particles may occur either in substitutional or interstitial 
sites.  
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As a result of the metal ion (Mn+) incorporation into the TiO2 matrix, two species can be 
formed, M(n-1)+ and M(n+1)+. The derived impurity energy level for Mn+/M(n-1)+ must be 
located below the CB edge of titania, whereas Mn+/M(n+1)+ should be located above the 
VB. The bands in the bulk of the semiconductor will move as a function of the changes 
in Fermi energy level and a potential drop will occur in a region near the semiconductor 
surface called the space charge region and in which electron-hole pairs are separated by 
the electric field. The holes in the VB move to the surface while the electrons in the CB 
move into the bulk semiconductor. The charge carriers formed beyond the space charge 
region will undergo recombination unless they diffuse back into this region before 
recombination occurs. In particular, the electron-hole recombination can be altered by 
electron (hole) transfer between metal ions and TiO2 according to the following 
equations: 
M, 	e
 → M,-    (2.12) 
M, 	h
 → M,-    (2.13) 
In the case of p-type doping, given that the dopant ion acts as an electron trap, it must be 
stressed that photocatalytic reactions can only occur if the trapped electron and hole are 
transferred to the surface. On the contrary, if the metal dopant ions are deep in the bulk 
of the catalyst, they can still trap the electrons, increasing their lifetime, however, the 
trapped electrons may have lower redox potential and hence electron/hole transferring to 
the interface would be more difficult leading to a lower photoefficiency. Indeed, it is 
known that in water/air cleaning, the VB holes and radicals induced by holes are the 
main responsible of the decomposition of organic compounds adsorbed by the 
photocatalysts [33] therefore, the transfer of the photogenerated holes to the interface, in 
these systems, is substantial. The latter observation, however, cannot be adopted in 
systems devoted to hydrogen production where the critical factors to take into account 
are the transferring of the CB electrons to the interface and their energy levels.  
It must be pointed out that the photocatalytic activity of TiO2 not only conveys  the 
influence of the doping mechanism and depth. To be more precise, the concentration of 
metal dopant in the TiO2 matrix is an important factor that must be evaluated. Indeed, it 
is widely reported that above the “optimum concentration of doped metal ions”, an 
increase in recombination occurs and it results in a decrease of the photocatalytic 
activity.  
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In particular, it is reported that in order to have an efficient separation of the 
photoinduced charge carriers, the value of the space charge region potential must be 
higher than 0.2eV. For increasing dopant concentration, the space charge region 
becomes narrower as a consequence of the gain of the surface barrier and this results in 
an effective separation of the electron-hole pairs and hence, an enhancement of the 
photoactivity [34, 35]. If the dopant concentration is too high, the space charge layer 
becomes too narrow and the penetration depth of light into TiO2 surpasses the space 
charge layer promoting the charge carrier recombination [34]. Further, Papadimitriou et 
al. [35] reported that at high dopant concentration, there is a larger number of structural 
defects and trap centers. Therefore, the mobility of the charge carriers might be 
significantly reduced by consecutive trapping which occurs on their way to the surface. 
Besides, the probability that the trapped electron-hole pairs recombine increases with an 
increase in the dopant content because the trap centers become closer and closer to each 
other.  
Doping with non-metal elements such as B, C, N and S introduces localized electronic 
states close to the valence band edge which result in a red shift of the semiconductor 
absorption [23,33].   
 
2.3 Sol-Gel Technique 
One of the most versatile methods to prepare pure and doped TiO2 is the sol-gel 
technique. It has become famous in the glass and ceramic fields because it offers many 
advantages, among which the possibility to control the stoichiometry and the 
homogeneity of the final product and it allows to work in mild and ambient atmosphere 
conditions. As the name implies, this process involves two subsequent steps, namely, the 
formation of a colloidal suspension of particles which constitute an inorganic 3D 
network in a liquid medium (sol) followed by its stiffening, called gelation, to form a 
network in a continuous liquid phase (gel). 
The most used molecular precursors M(OR)n are metal oxides which are derivatives of 
alcohols ROH and hence with R= alkyl or aryl group [36]. This choice is explained in 
the light of the fact that alcohols are easily accessible and removable via hydrolysis and 
thermal treatment so that the hydrated oxides obtained by their reaction, have a chemical 
purity sufficiently high and besides they are quite cheap.  
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The formation of a three dimensional polymeric framework involves two concomitant 
reactions: hydrolysis and condensation whose relative speeds can be critical for the 
quality of the final product.  
In the hydrolysis reaction, hydroxyl groups (OH) replace the alkoxide groups (OR): 
MORn	H2O	→MORn-1OH		ROH                            (2.14) 
In the condensation reactions, the Ti-O-Ti network is generated: 
MORn-1OH		MORn	→ROn-1M-O-MORn-1		ROH      (2.15) 
M	ORn-1OH		M	ORn-1OH	→ROn-1M-O-MORn-1		H2O        (2.16) 
Both alcoxolation (Eq. 2.15) and oxolation (Eq.2.16) proceed through nucleophilic 
substitution [37]. As the reactions go on, the number of M-O-M bonds increases leading 
to a decrease of the flexibility of the network and thus the viscosity rises. Parameters 
such as the nature, length and branch of the R group, difference in electronegativity 
between M and O as well as the ability of M to increase its coordination number through 
dative bond with other alkoxide molecules, affect the reactivity of the alkoxides in 
nucleophilic substitutions. If the gelation time is too long, it is possible to resort to the 
use of catalysts, typically Brønsted acids and bases, to facilitate polymerization. If an 
acid is used as catalyst, the hydrolysis is promoted: 
(RO)n M-OR + H3O+ → (RO)n M-OH + H+ + ROH   (2.17) 
In the base-catalyzed reactions, condensation reactions are promoted because the 
deprotoned M-OR groups are better nucleophiles: 
(RO)n M-OR + OH- → (RO)nM-OH +RO-   (2.18) 
The hydrolysis and condensation reactions for highly reactive alkoxides, such as 
titanium alkoxide, must be instead slowed down and in order to achieve this goal a 
suitable solvent and/or a chelant (i.e. β-diketones , β-keto esters and carboxylic acids) 
can be used. 
The sol-gel chemistry whose general features have been just described, consists of two 
dissimilar processes: aqueous and non-aqueous. The former is a quite complex process 
in which water acts both as ligand and solvent and several reaction parameters among 
which pH, method of mixing, temperature, … must be strictly controlled [38, 39]. In this 
case, precipitation is likely to occur due to the high reactivity of the metal oxide 
precursor towards water and it can be balanced by adding mineral acid in the solution 
which induces the peptisation, that is the establishment of a repulsive electrostatic 
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charge on the surface of the titania resulting in the stabilization of the sol.  However, 
non-aqueous sol-gel routes are often chosen for several reasons such as the achievement 
of uniform metal oxide nanoparticles which can be easily dispersed in organic solvents.   
In non-aqueous sol-gel routes, different kinds of aprotic condensation reactions occur. 
Two metal alkoxide can react with resulting ether elimination (Eq. 2.19): 
 (RO)n M-OR + R-O-M(OR)n → (RO)nM-O-M(OR)n +ROR  (2.19) 
Or metal acetates and metal alkoxides can react under ester elimination (Eq. 2.20): 
(RO)n M-OOCR1 + R-O-M(OR)n → (RO)n M-O-M(OR)n +ROOCR1     (2.20) 
Metal alkoxides can also react with metal halides leading to the elimination of alkyl 
halide: 
(RO)n M-X + R-O-M(OR)n → (RO)n M-O-M(OR)n +RX    (2.21) 
where X indicates the halogen element. In non-aqueous acid-catalyzed systems, the 
initialization of the hydrolysis can occur as a result of the esterification reaction between 
alcohol and  carboxylic acid: 
RCOOH + R1OH →RCOOR1+H2O         (2.22) 
Although aqueous and non-aqueous routes present different advantages and 
disadvantages, they both can be used to prepare ceramic and glass materials in a wide 
variety of forms (e.g. ultra-fine powders, thin films coatings, ceramic fibres, 
microporous inorganic membranes and monoliths).  
 
2.3.1 Drying and heat treatment 
The sol and/or the wet gel obtained through the reactions abovementioned does not 
represent the end product. Indeed, a drying stage (at temperature ≤ 100°C) and a 
subsequent thermal treatment are needed to obtain the required material in the form of 
powder or thin film. During drying, the desorption of water and residual alcohol trapped 
in the polymeric network are promoted. The second stage, which is the annealing, is 
performed by means of a muffle oven (Nabertherm with internal volume equal to 9 l and 
Tmax=1300°C) throughout the work of this dissertation. It is aimed at the removal of the 
residual organic groups as well as at the crystallization of amorphous TiO2 into anatase. 
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2.3.2 Thin film deposition 
As previously mentioned, the use of thin film catalysts is stealing the show of 
researchers all over the world. This is mainly due to the large potential of TiO2 films in 
applications like dye sensitized solar cells (DSSC) [40], anti-fog and anti-freeze mirrors 
[41], photocatalytic asphalt pavement [42], antireflecting coatings for shop windows, 
selectively reflecting coatings for architectural glass [43] as well as air and water 
decontamination [44-46]. In particular, in the field of waste water detoxification it was 
hard and quite expensive to handle the fine TiO2 photocatalyst powder dispersed in 
liquid suspension after the photodegradation. This is why the research on new reactors is 
essentially focused on using TiO2 thin films deposited on glass, ceramics or metal 
surfaces.  
The different methods allowing thin film deposition belong to 2 dissimilar techniques, 
namely, vapor and wet chemical processes. Chemical vapor deposition [47], physical 
vapor deposition [48], electron beam evaporation [49] and sputtering [45, 50-52] are all 
vapor techniques whereas sol-gel is the most employed wet chemical technique.  
The choice of the substrate for both deposition categories is important because it affects 
the structure and properties of the thin films and in particular for the sol-gel process this 
has represented a real limitation in the beginning. Indeed, in earlier years it was thought 
that the only way to achieve films with good crystallinity and stoichiometry was using 
calcination temperatures between 500 and 600°C [53]. Further investigations have 
shown that the last statement is not true for all the substrates. Indeed, it has been 
reported that films deposited onto soda-lime glass need high crystallization temperatures 
because the Na-contamination suppresses the crystallization and photocatalytic activity 
[54, 55]. However, by introducing a SiO2 layer at the interface between soda-lime glass 
and the titania film, anatase crystallization occurs upon annealing at 300°C [55]. In 
addition, recent developments of the sol-gel technique allowed to obtain crystalline 
titania powders at temperature lower than 200°C [56], even if temperatures > 400°C are 
needed to provide a sufficient bonding between the coating and the substrate [11].  
Regarding the use of soda-lime glass and its Na content, Tomaszewski et al. [55] 
reported that sodium diffuses into the films upon annealing leading to a suppression of 
anatase crystallization and hence to an inhibition of the activity of the photocatalysts. 
This is the reason behind the choice of using sodium free glass slides (Corning 1737F) 
throughout this work.  
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There are three methods which allow to make thin films from the sol:
 Spraying: industrial technique used for deposition of pseudo
are pre-emptively warmed up to promote the instantaneous solvent evaporation and 
improve the adherence of the film on the substrate.
 Dip-coating: process where the substrate is immers
sol at a constant and well
depends on the withdrawal speed, the sol viscosity and its nature.
 Spin coating: the features of the resulting film
speed and time and changing the sol viscosity.
The latter technique, spin coating, was adopted for sample deposition throughout the 
work at the base of this dissertation. Spin coating is performed in 4 different stages 
(depicted in Fig.2.4):  
1. Dispensation of the sol on the substrate
2. Beginning of the high speed spinning 
the increasing speed spinning is responsible for the ejection of the excess of 
suspension used and the formation of a thin film
3. Achievement of a constant speed 
makes the films thinner and thinner
4. Evaporation of the solvent 
balance the centrifugal force.
Fig. 2.4: Illustration of the stages characterizing the spin coating technique.           
 
The film thickness (hf) can be calculated by Eq. 2.23, according to Meyerhofer’s model 
[57]: 
 
Where C0 is the initial solvent concentration and K 
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and e represents the solvent evaporation speed [58]:
The parameters appearing in the last two equations are the density (
viscosity (η) of the suspension respectively, whereas 
during spinning. 
It can be said then that the thickness of the film depends on 
convenient to use viscous solution and low spinning speed if thicker films are needed. 
However, it must be stressed that both these conditions lead to less homogeneous films.
 
All along this dissertation, the activity of the films made has been compared with the one 
of a reference sample. The latter was prepared starting from a suspension of TiO
photocatalytic powder (Degussa P25) obtained by dissolution of 0.1g powder in 5ml of 
isopropanol. The suspension was kept under magnetic stirring for 1 h at 300 rpm and 
then sonicated for 10 minutes. The reference film was prepared by spin coating the P25
suspension at 2000 rpm for 20 sec. The coating was repeated four times and between 
subsequent coverings the glass slides were heated to 80
The P25 sample contains, as confirmed by XRD measurement, a mixture of anatase/ 
rutile equal to 80/20 and whose crystallite dimensions are 25 and 35nm, respectively. 
The film is white opaque and as can be seen in Fig.2.5, it exhibits a rough surface.
Fig. 2.5: SEM images with magnification 200x (a) and 16000x (b) for the reference s
Degussa. 
The surface area of P25 powder is about 50 m
by Meroni [59]. 
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Chapter 3 
Characterization methods
 
3.1 X-ray diffraction (XRD) 
X-ray diffraction is a non
chemical composition and crystallographic structure of powders and thin films [1,2]. 
This technique is based on the interaction of a monochromatic X
crystalline material in which the three
be represented by a periodic array.
to an atom, a molecule, a series of molecules, etc. (depending on the complexity of the 
material) the points are arranged so that they form a series of parallel planes separated 
from each other by a distance d which varies according to the nature of the material. 
Considering the lattice planes of a crystal as semitransparent mirrors partly reflecting an 
incoming beam (Fig.3.1), it is possible to derive the Bragg Law:
                                                           
 
 
 
 
 
 
Figure 3.1: Diffraction conditions
This means that if λ is the wavelength of the monochromatic X
these planes, theta is the angle of incidence of the radiation, the distance d traveled by 
the rays reflected from successive planes must differ by a whole number n of 
wavelengths for constructive interference to occur such that a reinforced diffracted beam 
is produced, otherwise X-
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-destructive analytical technique which allows to study the 
-
-dimensional arrangement of atoms in space might 
 In this periodic lattice where each point corresponds 
 
λθ nd =sin2                                                 
 
. 
 
-ray beam projected on 
rays destructively interfere with each other and cancel each 
ray beam with a 
[3.1] 
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other out (Fig.3.2). Planes going through areas with high electron density will reflect 
strongly, planes with low electron density will give weak intensities.
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Representation of constructive and destructive interference where V indicates the vibration 
direction and the red arrow tip indicates the propagation direction.
 
The unit cell, the basic repeating unit
crystallographic diffracting planes which are used to define directions and distances in 
the crystal and are identified by Miller indices (hkl). 
parallel planes and are calculated as the reciprocals of the intercepts of the planes on the 
coordinate axes. The unit cell is defined by 6 parameters: unit cell dimensions (a,b and c, 
along x,y and z respectively) and angles between axes (
translation in all dimensions to produce the macroscopic grains or crystals of the 
material (Fig.3.3).  
Figure 3.3: The unit cell (TiO2 
grains or crystals of the material.
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 that uniquely defines a crystal, is intersected by the 
The latter ones define a family
α, β, γ) and
rutile) repeats in all dimensions to fill space and produce the macroscopic 
 
 of 
 it repeats by 
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All the possible shapes of a unit cell are defined by 7 crystal systems and are based on 
the relationship among the lattice parameters above mentioned, that is distances and 
angles. Translating these lattices into the 3rd dimension generates the 14 unique Bravais 
Lattices (7 primitive and 7 centered). The symmetry operations which leave at least one 
point of the unit cell fixed and the appearance of the crystal unchanged (inversions, 
mirror planes, rotation axes and inversion axes), generate the 32 points groups. The 230 
Space groups are produced by performing translational symmetry operations (namely 
pure translation, screw axes and glide planes which combine direct translation with 
rotation and/or reflection) on the Bravais lattices and points groups. They represent all 
the possible three dimensional arrangements of 3-D objects which can take the shape of 
single crystals (perfect periodicity along the whole solid) or polycrystalline 
samples/powders (the crystallites adopt all possible orientations randomly).  
In a diffraction pattern, the position of the peaks is indicative of a family of lattice planes 
in the crystal structure and the phases symmetry whereas the intensity of the peaks 
reflects the relative strength of the diffraction and hence, the scattering intensity of the 
components of the crystal structure and their arrangement in the lattice as well as the 
amount of each phase present in the sample. A variety of processes contribute to the 
intensity of the coherent scattering occurring as consequence of the interaction between 
X-rays and a target sample and namely, scattering by an electron, scattering by an atom 
and scattering by all the atoms present in the unit cell. Summing the diffraction 
intensities from each atom belonging to a certain planar element of the unit cell and 
integrating the results into the total diffraction intensity from each dhkl plane in the 
structure it is possible to define the structure factor F(hkl): 
                                                   ( )→
=
ϕ∑
n
(hkl) j j
j 1
  F 3 f exp i
                                           [3.2] 
The summation is over each atom j in the unit cell whose scattering power is fG and 
phase factor φG is given by: 
                                                      ( )ϕ =j j j j2π hx +ky +lz                                        [3.3] 
Depending on the crystal symmetry, F(hkl) is systematically equal to zero for some values 
of hkl and this means that certain classes of reflections from valid lattice planes will not 
produce visible diffraction. 
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The intensity of a diffraction peak is proportional to the square of the structure 
                                                               
In particular, depending on the geometry of the measurement setup, planes with a 
different angle with respect to the sample surface, can be detected. For example, in 
2θ measurements, only diffracting planes parallel to the sample surface can be detected 
both in powders and thin films where, although certain diffraction peaks can dominate 
due to the preferential orientation of the grains, the orientation of the crystallite grains is 
random leading to a diffraction pattern similar to the powders one.   
The most common diffractometers use the Bragg
consists in the incident angle 
Figure 3.4: Bragg-Brentano diffractometer
 
There are two typical configurations for the instrument. In a 
ray tube is fixed, the sample is tilted by angle 
twice this angle. In a θ-θ
detector rotate at -θ°/min and 
linear detectors which are much faster than point detectors, and turn out to be the best 
choice for materials showing weak diffraction such as thin films. In particular, t
patterns of powders samples were collected on a 
diffractometer using a Cu K
scintillation detector whereas a
a Cu Kα radiation source of wavelength 1
used to characterize thin films. The recorded diffraction patterns were analyzed by 
means of the Bruker Eva software t
compared with references from the International Centre for Diffraction Data (ICDD). 
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∝
2
hklI F                                                      
 
-Brentano geometry whose peculiarity 
θ that is always half the detector angle 2θ 
 
. 
θ-2θ configuration, the X
θ while the detector rotates around it at 
 instrument, the sample is stationary while the tube and the 
θ°/min, respectively. Both configurations may employ 
θ-2θ Siemens Kristalloflex DS5000 
α radiation source of wavelength 1.5406nm and a 
 θ-θ Bruker D8-Discovery diffractometer, equipped with 
.5406nm and a Lynx eye linear detector was 
o determine peak position and FWHM and they were 
factor. 
[3.4] 
θ-
(Fig.3.4). 
-
he XRD 
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The unit cell lattice parameters were determined from the relation among Miller indices 
and d-spacing between planes for tetragonal crystals (anatase): 
                                                    
2 2 2
2 2 2 
hkl
1 h + k l   +
d a  c
=                                             [3.5] 
The error associated with the lattice deformation is estimated to be 0.15%.  
The average crystallite size which is related to the width of diffraction peaks, was 
determined using the Scherrer formula [3] applied to the most intense peak that is (101) 
at 25.4° for anatase: 
                                                   ( )
 
 =
 
− 
Kλ 180d πB b cosθ
                                           [3.6] 
Where d is the crystallite diameter, λ is the wavelength of incident X-rays, K is the 
Scherrer constant depending on the particle shape (0.89 < K< 1, in our case 0.89), θ is 
the Bragg angle, B is the experimental full-width at half maximum (FWHM) of the peak 
and b is the instrumental broadening (with both B and b in radians). It is important to 
highlight that effects such as microstrain, which arise due to point defects (vacancies, 
site disorder), dislocations and even extended defects lead to peak broadening which 
affects the estimation of the diffraction line by FWHM. The Scherrer formula assumes 
that the analyzed crystals are free from microstrain and defects, the distribution of the 
crystallite size is narrow and peak broadening depends only on the crystallite size and 
diffractometer characteristics, therefore, it is not meant as a direct measurement of the 
crystallite size but it only gives an estimation. The uncertainty of the crystallite 
dimensions calculated this way, is estimated to be 5%. 
 
3.2 Spectroscopic ellipsometry (SE) 
Ellipsometry, mainly devoted to the analysis of surfaces, is a non-destructive technique 
which determines the change in polarization state of light reflected from a plane surface 
[4]. This technique offers many advantages among which large thickness range (from a 
sub-nanometre up to several micrometers), possibility to measure different surfaces 
(semiconductor, dielectric or metal) and polarized light ranging from the ultraviolet to 
the infra-red. In spectroscopic ellipsometry, an incoming light-beam is linearly polarized 
and is incident on the sample (Fig. 3.5). The light reflects from the sample surface, 
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becomes elliptically polarized leading to a change of the amplitude and phase of the 
electric vectors of the light which travels then through a rotating analyzer.  
 
Figure 3.5: Typical ellipsometry configuration 
 
Ellipsometry measures the change in polarization or more precisely the complex ratio 
(defined by Fresnel’s equation [3.7]) between the Fresnel amplitude reflection 
coefficients for both kinds of polarized reflected light: 
                                                      ( )=p
s
R
tanΨexp iΔR                                                 [3.7] 
where Ψ and ∆ are the amplitude ratio and phase shift, respectively, of the light 
components polarized parallel (p) and perpendicular (s) to the plane of incidence. In 
particular, the detector converts light to an electronic signal to determine the reflected 
polarization which is then compared to the known input polarization to obtain the 
polarization change due to sample reflection. Assuming the ambient is air, the Fresnel 
reflection coefficients can be directly related to the optical constants through the 
following formulas: 
                                                     
− ϕ
=
+ ϕP
ncosθ cosR ncosθ cos                                                   [3.8] 
                                                     
− ϕ
=
+ ϕs
cosθ ncosR cosθ ncos                                                   [3.9] 
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where n is the refractive index of the material, θ is the striking angle and ϕ is the angle 
of refraction. Since the light has to be reflected to the middle of the detector, it is 
important to align the sample before the measurement and make sure that the signal 
displayed is good. The size of the aperture in front of the two detectors (for the UV and 
the IR range, respectively) is manually adjusted in order to avoid the overloading of the 
detectors. After the measurement the software provides a graph reporting the phase and 
amplitude change as a function of the wavelength. As ellipsometry is not a direct 
method, amplitude and phase cannot directly be converted into the unknown constants 
(refractive indices, film thicknesses, surface roughness, …) of the sample. Therefore, the 
optical constants and thickness parameters, that is the unknown parameters of the 
sample, are varied during the fitting process using an iterative method which provides 
the Ψ and ∆ values that match best the experimental data. The best match between the 
model chosen among the several ones available on the software and the experiment is 
typically achieved through regression and the unknown parameters are allowed to vary 
until the Mean Squared Error (MSE) which is used to quantify the matching, reaches the 
minimum value. A dispersion relationship, which describes the optical constants shape 
versus wavelength, is used to reduce the number of unknown “free” parameters since it 
allows through its adjustable parameters the overall optical constant shape to match the 
experimental results. The film thickness was determined, for the most homogeneous 
films, using a spectroscopic ellipsometer (SE, J.A. Woollam Co. Inc., M-2000FI). The 
fitting over the region of 250-1700 nm was performed using the Complete Ease 
Software (Woollam Inc.) using the B-spline parametrization for the refractive index 
dispersion [5]. This model can be adjusted to match optical constant features of many 
materials (dielectrics, organics, semiconductors and metals) as it can be applied to 
transparent as well as absorbing layers. The optical functions are determined by 
connecting a set of cubic polynomial splines which are by definition smooth and 
continuous in the 0th, 1st and 2nd derivatives and are equally spaced in photon energy 
(eV). By the recursive B-spline formula, basis polynomial functions at each node are 
defined in terms of the positions of the adjacent nodes; then they are summed up 
(weighted by the amplitude at each node) producing the resulting curves which represent 
the dielectric function. This dispersion model has several advantages among which the 
good computation efficiency due to the fact that basis functions depend only on the node 
positions and hence, the node amplitudes are linearly independent and the generation of 
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Kramers-Kronig (K-K) consistent basis functions by applying the Kramers-Kronig 
integral on the b-spline recursion formula.  
 
3.3 TGA/DTA 
Thermal analysis measures the changes in physical properties of a sample as a function 
of temperature while the substance is heated at a linear rate and the temperature is 
continuously recorded so that the temperature range of any reaction can be accurately 
measured. In differential thermal analysis (DTA) and differential scanning calorimetry 
(DSC), the temperature of a specimen is compared to a thermally inert material (non-
reactive reference) in order to record the heat absorption and emission during 
endothermic and exothermic reactions, respectively. In thermogravimetric analysis 
(TGA), the weight of a condensed phase specimen is continuously monitored to record 
any mass change of the material due to gas release or absorption in a controlled 
atmosphere as a function of temperature or time. It is mainly used to quantify loss of 
water, solvent or plasticizer and to assess thermal stability, degradation characteristics, 
aging/lifetime breakdown, sintering behavior and reaction kinetics. Usually the 
quantifiable applications are done upon heating however, information may be obtained 
also upon cooling. Combining DTA and TGA (simultaneous thermal analysis) both 
thermal and mass change effects are measured concurrently on the same sample in order 
to get complementary information which allows distinction between endothermic and 
exothermic events with and without associated weight loss [6]. In particular, in the DTA 
curve, the temperature difference (∆T) is plotted versus the temperature or time. 
Endothermic peaks present negative ∆T (the temperature of the sample falls below that 
of the reference) and may stand for vaporization, melting, sublimation and desorption 
while exothermic peaks exhibit positive ∆T (the temperature of the sample rises above 
that of the reference) and may represent crystallization, adsorption, polymerization or 
catalytic reactions. The area under a DTA peak depicts the enthalpy change and it is not 
affected by the heat capacity of the sample. In the thermogravimetric or TG curve, the 
mass is plotted against temperature or time. Thermogravimetric and differential thermal 
analyses (TGA/DTA) were carried out in the Department of Inorganic and Physical 
Chemistry (UGent), using a SDT 2960-TA instrument (heating rate: 5°C/min from room 
temperature to 600°C in flowing air), to study the thermal decomposition of the sols.  
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3.4 Electron Microscopy 
Until the early 1930’s the resolution of optical microscopes was limited to about 0.2 µm 
only due to the physical limit imposed by the wavelength of the light. This has prompted 
the research activity into the development of techniques allowing the visualization of 
structures that would normally be not visible by light microscopes. Indeed, by taking 
into account the Abbe theory of images for optic systems, it is possible to determine the 
resolution ρ of a microscope as: 
                                                             =
0.61λρ sinα                                                [3.10] 
Since the resolution for incoherent light or an electron beam, defined as the distance 
between two details separable from one another (Rayleigh criterion), depends on the 
wavelength of the light λ and the maximum angle α between incident and deflected 
beam in the limit of the lens aberrations, it is clear that the wavelength of the light (410-
660 nm) limits the resolution for optical microscopy. In 1931, Ernst Ruska and Max 
Knolls (University of Berlin) combined the discovery that accelerated electrons behave 
in vacuum much like light, travel in straight lines and show a wavelength that is about 
100.000 times shorter than that of visible light with the research finding that electric and 
magnetic fields can be used to shape the paths followed by electrons (similar to glass 
lenses that are used to bend and focus visible light) to build the 1st electron microscope. 
Nowadays, electron microscopy consists of a wide range of various methods which use 
the different signals coming from the interaction between the electron beam and the 
specimen in order to obtain information about topography, morphology and 
composition. All electron microscopes, regardless of type, involve some basic steps: an 
electron gun at the top of the microscope emits a stream of electrons [7,8]. This travels 
through vacuum (otherwise the electrons would be scattered or absorbed as a 
consequence of the collision with air molecules) and is accelerated towards the specimen 
(with a positive electrical potential) while metal apertures and magnetic lenses confine 
and focus respectively, the stream in a thin focused monochromatic beam. As a 
consequence of the irradiation of the sample and hence the interactions with it, the 
electron beam changes and the effects are detected and transformed into an image. In 
particular, as a consequence of the interaction between the electron beam and the atoms 
in a sample, individual incident electrons undergo two types of scattering. In elastic 
scattering, the trajectory changes while the kinetic energy and velocity remain constant; 
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in inelastic scattering, some incident electrons will collide with electrons in the shells of 
the atoms of the sample leading to their displacement and hence to their excitation. The 
various electron microscopes exploit different interactions of electron beam-specimen 
and two are the main types of microscopes used: the Transmission Electron microscope 
(TEM) in which the electrons pass through the sample and it is measured how the 
electron beam changes as a consequence of the sample scattering and the Scanning 
Electron Microscope (SEM) that scans an electron beam over the surface of a sample 
and measures how many electrons are scattered back or how many secondary electrons 
are ejected from the k-shell of the specimen atoms by inelastic scattering interactions 
with beam electrons. 
 
3.4.1 Transmission Electron Microscopy 
In TEM, the electrons are accelerated at high voltage (100-200 kV) to a velocity 
approaching the speed of the light and so they must be considered as relativistic 
particles. In particular, the microscope consists of an electron beam emerging from the 
electron gun located at the top of the column, which is condensed into a nearly parallel 
beam at the specimen by the condenser lenses. Instead of glass lenses (used to focus the 
light in an optical microscope), the TEM uses electromagnetic lenses. The electric 
current passing through the coils leads to the creation of an electromagnetic field 
between the pole pieces, which forms a gap in the magnetic field. The strength of the 
field and thereby the power of the lens can be varied by changing the current through the 
coils. The electron beam then passes through a series of apertures with different 
diameters which stop electrons that are not required for image formation such as 
scattered ones and then it travels through the specimen. The latter must be thin enough to 
transmit electrons, however higher accelerating voltages produce higher energy electrons 
which can penetrate thicker samples. After the condenser lens system focuses the 
electron beam onto the specimen under investigation, the objective lens projects a 
magnified real image of the sample through the projection lens(es) onto the viewing 
device at the bottom of the column which can be a fluorescent screen (it emits light 
when struck by electrons) or an electronic imaging device such as a charge-coupled 
device camera (CCD). The brightness of the source which characterizes the electron 
current density of the beam and the angle into which the current is emitted, determines 
the resolution, contrast and signal-to-noise capabilities of the imaging system. Following 
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the interaction between electron beam and specimen, some of the electrons can be 
absorbed as a function of the thickness and composition of the sample, leading to an 
amplitude contrast in the image; others can be scattered over small angles, depending on 
composition and structure of the specimen leading to phase contrast in the image. In 
crystalline samples, following the knock of the specimen, sample nuclei may provoke 
the deflection through large angles or reflection (backscattering) of incident electrons or 
electrons from the sample can escape as low energy secondary electrons [9]. The 
impinging electrons may cause the specimen to emit photons (cathodoluminescence) or 
two important types of X-ray, namely, continuum and characteristics X-rays. The first 
ones are released when the beam electron passing close to the atomic nucleus is slowed 
by the coulomb field of the nucleus, whereas the latter are generated when the high 
energy beam electrons interact with the shell electrons of the specimen atoms so an 
electron of the inner shell is ejected and an outer shell electron drops into the vacancy, 
stabilizing the atom and releasing an X ray of a discrete energy. Each element will 
produce a unique series of discrete peaks and leads to the “diffraction contrast” in the 
image. In particular, a diffraction pattern for crystalline specimen is formed at the back 
focal plane which is below the objective lens whereas the transmitted beam electrons are 
counted and sorted by an energy loss spectrometer according to the amount of energy 
they have lost in interactions with the specimen. This gives information about the 
elemental, chemical and electronic states of the sample atoms. Although the associated 
wavelength of an electron beam is five orders of magnitude smaller than the light 
wavelength, the magnetic lens aberrations reduce the resolution of this technique to the 
Å order. In particular, the lenses can have spherical (the power in the center of the lens 
differs from that one at the edges) and chromatic (the power of lens varies with the 
energy of the electrons in the beam) aberration and astigmatism (a circle in the specimen 
becomes an ellipse in the image). By keeping the accelerating voltage as stable as 
possible and using very thin sample, it is possible to reduce the chromatic aberration. 
Astigmatism can be corrected by using variable electromagnetic compensation coils. 
With regard to the spherical aberration, it is the main parameter affecting the TEM 
resolution, because it leads to the spreading of information from a point in the object 
over an area in the image and hence, to a blurring of it as well as to the delocalization 
phenomenon, that is an apparent extension of the periodic structures beyond their actual 
physical boundaries. This type of aberration can be reduced by reducing the aperture 
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using a diaphragm such as an iris or a stop with a corresponding drop of image 
brightness. 
Transmission electron microscopy (TEM) analysis of the catalysts was performed with a 
200keV Cs-corrected microscope (JEOL FE2200). For TEM studies, the sample was 
scratched off the substrate and then dispersed in ethanol. Then drops of suspension were 
dried on carbon-coated copper grids. 
 
3.4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectrometry 
(EDS) 
SEM is one of the most used instruments in research areas and semiconductor industries 
due to its large depth of field which allows a large amount of the sample to be in focus at 
one time and produces an image that is a good representation of the surface topogaphy 
and due to its high resolution which makes possible the examination of features at high 
magnification. In SEM, high energy electrons produced by an electron gun which may 
either be a thermionic or field-emission gun, are focused into a fine beam and then 
scanned across the surface of the specimen by means of a scanning system which 
consists of 2 pairs of energized electromagnetic coils: each pair is responsible for the 
deflection in one direction (X and Y, respectively). In order to move the beam through a 
sequence of positions on the sample surface, the strength of the current in the scan coils 
is altered as a function of time. The interaction, both elastic and inelastic, between 
electron beam and specimen occurs in a limiting interaction volume. A detector collects 
a mixture of the various types of radiation emerging from this volume (Fig. 3.6) and the 
resulting signal is amplified and displayed on a cathode ray tube (CRT) or television 
screen scanning synchronous with the scan on the specimen. The signals carry 
topological, compositional and crystallographic information about the sample and in 
particular secondary electrons give information about morphology and topography 
whereas backscattered ones provide compositional contrast [10]. 
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 Figure 3.6: Effects produced by electron bombardment of a specimen [11]. 
 
Since the image is produced by the mapping operation which transmits information from 
the specimen space to the display space, the information shown by the SEM image as 
displayed on a screen, can convey the true shape of the object only if the sample and 
CRT scans are synchronous and they keep the geometric connection of any arbitrarily 
chosen set of points on the specimen and on the CRT. The ratio of the length of the scan 
on the CRT and the length of the scan on the specimen represents the magnification of 
the SEM and it can be changed by adjusting the length of the scan on the specimen 
corresponding to a constant length of a scan on the CRT. Scanning electron microscopy 
(Hitachi S3400N) was used to examine the surface morphology and thickness of the 
films. In particular, its features include a unique VP-mode (VP: variable pressure) 
allowing the measurement of wet, oily and non-conductive specimens in their natural 
state, a guaranteed resolution  at 30kV of 3nm in high vacuum mode and 4nm in VP-
mode and a specimen chamber which can accommodate simultaneously EDS (Energy 
Dispersive X-ray Spectrometry), WDS (FF wavelength Dispersive X-ray 
Spectrophotometer), EBSD (Electron Back Scattered Diffraction-Analyzer) and CL 
(Cathode Luminescence Spectrometer). During this research SEM was also used in 
combination with EDS to provide simultaneous quantitative chemical analysis and 
imaging. The X-ray energy spectrum represents the signature of the atom because the X-
ray energy corresponds to a difference between 2 energy levels of the electron cloud of 
an atom. A semiconductor detects the X-rays which are then processed by a detector 
cooled with a Peltier solid state cooler and protected by a ultrathin window. For 
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elements beyond carbon the identification is direct if there is no overlap among the 
peaks whereas for lighter elements, most of the energy of relaxation of excited atoms is 
carried off as the kinetic energy of Auger electrons and the emitted X-rays are absorbed 
by the window, making the identification impossible. In this case, if the elements are not 
too close and there is an overlap of the peaks, a deconvolution is required. The 
concentration of the elements can be determined from the intensity of the X-ray signal, 
taking into account the link between the weight fraction and the measured intensity 
which includes absorption and fluorescence effects.  
 
3.5 Spectrophotometry 
In UV-Vis spectroscopy, the sample is irradiated with electromagnetic radiation in the 
UV-Vis-NIR range and the incident radiation can be transmitted, reflected and absorbed 
by the sample. The fractions of light absorbed (A), transmitted (T) and reflected (R) are 
connected by the expression: 
                                                           + + =A T R 1                                                 [3.11] 
In this spectroscopy, which is widely used in chemistry, physics, engineering and 
clinical applications for quantitative analysis, the fraction of transmitted or reflected 
radiation is measured as a function of the incident wavelength. A spectrophotometer 
mainly consists of two devices: a spectrometer and a photometer. Inside the 
spectrometer, a collimator transmits a beam through a monochromator (diffraction 
grating) which splits it into several component wavelengths (spectrum). A wavelength 
selector (slit) allows only to the desired wavelength to be transmitted and reach thus the 
sample. The photometer detects the amount of photons absorbed, reflected or transmitted 
and it sends a signal to a galvanometer or a digital display.  
A double beam-double monochromator UV-Vis-NIR spectrophotometer (Varian Cary 
500) has been used for the optical characterization of films and powders. This instrument 
allows to independently control parameters such as spectral bandwidth, data interval and 
averaging time, in the UV-Vis and NIR regions. It consists of two light sources (a 
deuterium lamp and a halogen lamp for UV and Vis-IR range, respectively) and two 
detectors (photomultiplier (PMT) and PbS for UV-Vis and infrared region, respectively). 
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3.5.1 Transmission measurements
In a common experimental set
being reflected by the sample. A calibrated mirror is used as a reference to compare the 
reflectance of the sample. In the 
performed by letting the light beam reflect on a mirror before and after reflecting on a 
movable mirror.  The measurement of the samples is then performed keeping the length 
of the optical path but the 
position). This way, a double reflectance on the sample occurs (Fig. 3.7). However, 
since the 1st and the 2nd reflectance occur on 2 different spots (typically distant about 
25mm from each other) the 
determination of the thickness and optical parameters as extinction coefficient and 
refractive index of thin films is based on a numerical inversion method by matching the 
measured and computed optical c
 
Figure 3.7: Schematic comparison of the set
(right) 
 
For this purpose different methods which have recourse to a virtual measurement or a 
set of different measurements (at least two) or extra assumptions involving dispersion 
relations used to approximate the behavior of the refractive index, can be used [12]
particular, several dispersion models are available such as Cauchy, Sellmeier, Lorentz, 
Forouhi-Bloomer and Drude, however in this study the results are obtained by adjusting 
the constants of Cauchy dispersion equation until a good fit is obtained bet
measured and calculated spectral transmittance and/or reflectance curves. 
The normal incidence transmittance of thin films deposited on transparent substrates 
can be expressed as: 
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-up, the light beam reflects on a mirror before and after 
set-up used in this study, a reference measurement is 
movable mirror is placed in another position (measuring 
homogeneity of the layer is extremely important. The 
oefficients.  
-ups using a calibrated mirror (left) and a movable one 
=
− + 2
AxT
B Cx Dx
                                
 
. In 
ween 
 
                  [3.12] 
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The parameters A, B, C and D are given by: 
                                                       ( )= +2 2sA 16n n k                                                [3.13] 
                                         ( ) ( )( )   = + + ⋅ + + +    2 2 2 2sB n 1 k n 1 n n k                         [3.14] 
( )( ) ( )
( ) ( )( )
 = − + − + − + ϕ + 
 
− − + + + − + ϕ 
2 2 2 2 2 2 2
s s
2 2 2 2 2 2
s s
C n 1 k n n k 2k n 1 2cos
k 2 n n k n 1 n 1 k 2sin
                  [3.15] 
                                     ( ) ( )( )   = − + ⋅ − − +    2 2 2 2sD n 1 k n 1 n n k                             [3.16] 
with: 
                                                             
piϕ =
λ
4 nd
                                                       [3.17] 
                                                          ( )= −αx exp d                                                    [3.18]    
                                                              
pi
α =
4 k
d                                                         [3.19] 
where ns represents the refractive index of the substrate, n the refractive index of the thin 
film, k the extinction coefficient of the thin film, λ the wavelength of the light and d the 
thickness of the film. 
In the Cauchy dispersion model to determine n(λ) and k(λ) the following equations are 
used: 
                                                     ( )λ = + +λ λn nn 2 4
B Cn A                                              [3.20] 
                                                     ( )λ = + +λ λk kk 2 4
B Ck A                                             [3.21] 
The variables are the 6 fitting parameters (An, Bn, Cn, Ak, Bk and Ck) and the thickness of 
the film and they are adjusted in order to get a good fit between experimental and 
simulated transmission spectrum 
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3.5.2 Diffuse reflectance spectroscopy (DRS) 
 For scattering samples and turbid solutions the reflectance is measured using an 
integrating sphere (diffuse reflectance accessory) in the range 200-2000nm using BaSO4 
as reference. The integrating sphere gathers the scattered light thus minimizing the level 
of “noise” in the data. The Kubelka-Munk model is the basis for measurements of the 
absorption coefficient of thick powder samples since it is appropriate where strong 
scattering occurs, where the incident light is diffuse, or where surfaces are optically 
rough. DRS experimental data were converted to absorption coefficient values F(R) 
according to the Kubelka-Munk equation [13]: 
                                                         ( ) ( )−=
21 R
F R 2R                                                 [3.22] 
 where F(R), the so–called remission or Kubelka-Munk function with R=reflectance. 
The relation between absorption coefficient and optical band gap is given by the Tauc 
equation: 
                                                    ( ) ( )α ν = ν − mgh A h E                                          [3.23] 
      where A is a constant, Eg the band-gap of transitions (eV), h Planck’s constant 
(6.62608 10-34 J s), ν is the frequency of the light (s-1), and m is a number representing 
the optical transition mode.  
Converting the acquired diffuse reflectance spectrum with the Kubelka-Munk function, 
the absorption coefficient in the Tauc equation is replaced with F(R).Thus, the 
absorption coefficient of a semiconductor can be expressed as:  
                                                   ( ) ( )ν = ν − mgF R h A h E                                  [3.24]        
Or 
                                                 ( ) ( ) ν = ν − 
1
m
gF R h A h E                                   [3.25] 
In particular, the value of the exponent m denotes the nature of the sample transition. 
 For direct allowed transition m=1/2 
 For direct forbidden transition m=3/2 
 For indirect allowed transition m=2 
 For indirect forbidden transition m=3 
In our case m takes the value of 2 for a indirect TiO2 allowed transition [14]. A 
transformed Kubelka–Munk function can be constructed by plotting [F(R )]1/2 vs the 
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energy of excitation source (h
of TiO2 particles.  
The plot shows an onset of strong optical absorption at a certain photon energy moving 
from longer (low energy photons) to shorter wavelengths (high energy photons). This 
strong optical absorption leading to a S
electrons from the conduction to the valence band. 
To determine the band gap the plot was fitted by a Boltzmann sigmoidal equation using 
the Origin program: 
                                                       
The x-axis intercept of the line tangent to the inflection point (where the slope of the 
curve is maximum) of the curve 
parameters: 
                                                      
where 
                                                            
is the slope of the curve at the inflection point and (x
inflection point (Fig. 3.8). The latter can be also obtained as the maximum
derivative of the [F(R)]1/2 vs h
Figure 3.8: The plot of F(R)0.5 vs  h
Characterization Methods 
48 
ν) to obtain the correspondent “apparent” band gap values 
-shaped plotting is due to the promotion of 
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provides the band gap value, using the fitting 
= −
0
0
yband gap x m                                           
−
=
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0, y0) are the coordinates of the 
ν curve. 
ν fitted with a sigmoidal curve (Boltzmann model) [15].
[3.26] 
[3.27] 
[3.28] 
 of the first 
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It should be emphasized that the “apparent” band gap values so determined can be the 
result of electronic transitions from intragap localized levels up to the conduction band. 
Therefore, the “band gap” that is calculated using this method can be smaller than the 
“real” energy difference between the semiconductor valence and conduction bands.  
In addition, it is worth stressing that although the determination of the band gap from the 
measurement of the diffuse reflectance of a powder sample is a standard technique, it is 
very difficult to obtain accurate optical absorption edges from fitting tangents to curves. 
Having said that, it must be stressed that the values determined from DRS measurements 
on powders all along this dissertation, stand for absorption onsets rather than real band 
gap values. 
 
3.6 Atomic Force Microscopy (AFM) 
Scanning probe microscopes (SPMs) are designed to measure local properties such as 
friction, optical absorption, magnetism and height using a probe or tip which is placed 
very close to the sample [16,17]. The distance probe-sample is of the order of the 
instrument’s resolution which is limited by the size of the probe rather than diffraction 
effects since, unlike traditional microscopes, SPMs do not use lenses. The small 
separation between the sample and the probe enables to measure a small area of the 
sample and the image is acquired simultaneously with the measure of the local 
interaction in question. The atomic force microscope is a kind of SPM and it has been 
developed in an attempt to extend the Scanning Tunneling Microscopy (STM) to 
electrically non conductive materials. Unlike electron microscopes it can image samples 
in air and under liquids. It operates by measuring forces (attractive and repulsive) 
between a sharp probe (<10nm) and a sample placed at a distance of about 0.2-10nm. 
The probe that is a pyramidal tip tall 3-6µm with ∼30nm end radius which one can think 
of as a spring, which is supported on a flexible cantilever. The lateral resolution of AFM 
is low (∼30nm) due to the convolution of the tip shape and the sample surface 
morphology, however it can achieve a vertical resolution as low as 10 pm. The tip is 
positioned with high resolution thanks to piezoelectric ceramics which are able to 
expand or contract when in the presence of a voltage gradient. In particular, when the tip 
approaches the sample surface, the cantilever is deflected from its equilibrium position 
depending on the atomic force that the tip undergoes. The dominant interactions at short 
probe-specimen distances are Van der Waals (VdW) interactions which are repulsive in 
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contact mode AFM and attractive in non
interactions such as capillary, electrostatic and m
away from the surface, are also significant. Laser beam deflection offers a convenient 
and sensitive method of measuring the cantilever bending and hence, generating a map 
of the surface topography. In particular, the opt
cantilever and the angular deflection of the cantilever is given by the difference in the 
position of the laser spots on the detector (Fig. 3.9). AFM measurements were recorded 
in non-contact mode using a Molecular 
analyzed by the WSxM 4.0 software program (Nanotec Electronica S.L.).
 
Figure 3.9: Concept of AFM and the optical lever
 
3.7 Photoluminescence spectroscopy (PL)
Photoluminescence spectroscopy is a selective and extremely sensitive non
method to probe discrete electronic states of materials. Various important material 
properties among which band gap, low concentrations of intentional and unintentional 
impurities contained within the host material and recombination mechanism, can be 
determined from the intensity and spectral content of the emitted photoluminescence and 
the wavelengths which can be used to efficiently excite the material (the excitation 
spectrum) [18]. Under normal conditions electrons are forbidden to have energies 
between valence and conduction bands. When light with energy greater than the band 
gap energy is incident on a material, photons are absorbed and thereby raise an electron 
from the valence band up to the conduction band across the forbidden energy gap (Fig. 
3.10). In this process electronic excitations are created  and the electrons are allowed to 
move within the material into permissible excited states. 
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Figure 3.10: photoluminescence [19]
 
Eventually, these excitations relax and the electrons falls back down to the ground state. 
If radiative relaxation occurs, the excess energy release includes the emission of light. 
Therefore, the energy of the emitted light (called PL) relates to the diffe
levels between the two electron states involved in the transition (excited and equilibrium 
states, respectively) and it can be collected and analyzed to provide information about 
the photoexcited material. Therefore the peaks in the spectra
of the energy levels and in particular, since several transitions from the ground state to 
an excited state (and vice versa) are possible, we get a broad absorption and emission 
spectrum, respectively. In particular, 
at a fixed wavelength and varying the 
excitation measurements, the emission intensity is measured at a fixed wavelength while 
varying the λ of the incident light used to p
responsible for emission. The PL spectrum at low temperatures allows to identify 
spectral peaks deriving from impurities, even in extremely low concentration, in the host 
material. Further, this technique can provi
quality as a function of growth and processing conditions. Indeed, given that non
radiative recombination is associated to localized defect levels which are detrimental to 
the quality of the material, an estimat
the amount of radiative recombination. 
The excitation and emission spectra of the sample were obtained using a fluorescence 
spectrometer type: Edinburgh Instruments FS920 (Figure 3.11). 
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Figure 3.11: Photoluminescence setup [20] 
 
It is suitable for the registration of emission spectra in the wavelength range 300-
1650nm, as well as excitation spectra between 200 and 900 nm. This setup consists of 
Xe arc lamp as the light source, a double excitation monochromator, an emission 
monochromator, a cryostat that enables to measure between 4 and 500K, a  detector (Si 
diode) that collects part of the light coming from a beamsplitter and a focussing lens that 
focuses the rest of the split light onto the sample. Different filters are used to block the 
second order reflection of the excitation beam. These filters are located behind the 
sample and are selected depending on the wavelength. A photomultiplier is used for 
detection in the visible, a germanium detector is used for PL emission in the infrared 
region. 
 An intensified CCD (Andor DH 720) was used for photoluminescence decay 
measurements. It consists of a 337nm pulsed nitrogen laser and a detector that is a 
Charge coupled Device (CCD). The instrument is equipped with a monochromator 
without exit slit; it means that all the wavelengths are simultaneously measured. Photons 
coming from the monochromator, after passing through a window, get to a photocathode 
that converts the photons into electrons. They are accelerated towards a positively 
charged plate, which enhances the electrical signal. The electrons are then accelerated 
again, up till they get to a window where phosphor element converts the electrical signal 
to photons which are detected by the CCD. This image intensifier not only increases the 
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sensitivity of the CCD, but can also be used as an electronic shutter with a time 
resolution of 3 ns, thus enabling time resolved spectral measurements. 
 
3.8 Brunauer, Emmett and Teller theory (BET) 
Since many useful properties of nanoparticles arise from their small size, the 
determination of their surface area which is strictly related to the material capability of 
adsorbing gases or liquids, emerged to be very important. The most common method to 
determine the surface area, pore size and pore volume distribution of a solid is the BET 
theory. It is based on the physisorption of a gas on the surface of a solid at constant 
temperature (lower than the critical temperature of the used gas that is usually N2) which 
is a non-destructive method. The surface area of the solid can be derived by calculating 
the amount of adsorbed gas corresponding to a monolayer coverage whereas the shape 
and size of the present pores can be determined by the shape of the adsorption-
desorption hysteresis curves. This theory was developed by Stephen Brunauer, Paul 
Emmett and Edward Teller in 1938 by extension of the Langmuir theory, defined by Eq. 
3.29, which relates the monolayer adsorption of the adsorbate molecules onto a solid 
surface (adsorbent) to the gas pressure at a fixed temperature of a medium above the 
solid surface. 
θ = `×a-(`×a)       [3.29] 
where θ is the fractional coverage of the surface, P is the gas pressure and α is a 
constant.  According to the Langmuir theory all surface sites must show the same 
adsorption energy for the adsorbate whose activity is directly proportional to its 
concentration; at each site adsorption can occur independently of neighboring sites 
adsorption and each active site can be occupied by only one particle of adsorbate that 
forms a monolayer. The BET theory by extending the Langmuir theory to multilayer 
adsorption addresses its few flaws. The assumptions made by the authors are: 
 There is no limit to the number of layers onto which gas molecules behaving 
ideally, will physically adsorb 
 The different adsorption layers do not interact with each other and within the same 
layer there is no interaction among adsorbate molecules 
 The theory can be applied to each layer 
 Nitrogen in the second and higher layers are assumed to be liquid like 
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 A dynamic equilibrium is established between adsorption and desorption from 
every layer 
Forasmuch as the adsorption phenomenon is strongly dependent on the physical 
properties and above all the porous texture of the solid, the adsorbate-adsorbent 
interactions must be weak intermolecular forces (van der Waals) which do not 
significantly change the electronic orbital patterns of the involved species. Otherwise, 
when valence forces, strong hydrogen bonds or charge transfer complexes take place, the 
chemical behavior of the solid masks its physical properties and consequently, the 
adsorption phenomenon is no longer usable in determining the texture of the adsorbent. 
Overall, the surface of the sample is cooled using liquid N2 (or another adsorptive as 
chemically inert as possible) to be able to detect the adsorption. In particular, known 
amounts of N2 are released stepwise into the cell of the sample whose total surface area 
must be at least a few square meters (this implies the impossibility of measuring the 
surface area of supported thin films). Conditions of partial vacuum are created in order 
to achieve relative pressures lower than atmospheric pressure. In order to quantify the 
adsorbed nitrogen, once the saturation pressure is reached (no more adsorption occurs 
even by increasing the pressure further) the sample is removed from the N2 atmosphere 
and heated. This way nitrogen is released from the material and the pressure changes due 
to the desorption are displayed in the form of a BET desorption isotherm, which plots 
the amount of gas adsorbed as a function of the relative pressure. It correlates the 
volume of adsorbed gas Vads and the partial pressure p of the gas in equilibrium with the 
solid, according to the following equation: 
bcd
e
= fg(-g)(-fgg)    [3.30] 
where Vm is the monolayer adsorbed gas volume, c is a constant that compares the 
strength of the interactions adsorbate-adsorbent and adsorbate-adsorbate and x = p p4⁄ , 
the relative pressure with p and p4 the equilibrium and saturation pressure of adsorbates 
at the temperature of adsorption, respectively. Rearranging Equation 3.30 it is possible 
to derive the equation used to determine the surface area: 
i i8⁄
(-i i8)⁄
= -e×f +
f-
e×f
 (p p4)⁄    [3.31] 
Where V is the adsorbed gas quantity. The BET equation is valid only in the range 0.05 
≤ p p4⁄  ≤ 0.30 (for lower relative pressure only monolayer formation is occurring, 
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whereas for pressure ratios higher than 0.5, there is the onset of capillary condensation) 
and the curve obtained by plotting (p p4)⁄ [V(1 − p p4)]⁄⁄  vs  p p4⁄  must be a straight 
line with positive slope to obtain the surface area. 
Known the dimensions of the adsorbed molecules and the weight of the sample (m), the 
surface specific area S (in m2/g) is given by [21]: 
S = 6e× ob×pqrs : / m    [3.32] 
with tu is Avogadro’s constant, vw is the adsorbate cross sectional area (16.2Å2 for 
nitrogen is considered as the reference value [22]) and Ms , the adsorbate molecular 
weight.  
Generally, a minimum of 3 measurements of V at different values of p/p0 (multi-point 
measurements) is required to determine the specific surface area. However, the 
experimental requirement can be reduced to only one data point (single point method) if 
the constant c (Eq. 3.31) which is associated with the wettability and hence, the 
interaction between molecules of adsorbate and adsorbate-substrate, is big enough (in 
the limiting case of c→∞, the BET curve coincides with the single point curve) or at 
sufficiently high relative pressure, regardless of the c value.  
This does not mean that all the single-point analyses should be performed at the highest 
possible relative pressures. Indeed, for the several samples containing pores, the use of 
relative pressures above 0.3, BET equation fails in describing suitably the state of the 
system. 
Since pores of different shape (cylindrical, ink-bottle, slit-shaped, etc) may be present in 
a solid and there may be interconnections between them, in some cases the assignment 
of a definite pore shape may in a certain way be meaningless. The physical adsorption 
isotherms describable by relation 3.30, are classified in 5 different groups numbered 
from I to V depending on the mean pore size of the adsorbent and the intensity of 
adsorbate-adsorbent interaction (Fig. 3.12). 
 The Type I isotherm, in which the plateau indicates monolayer coverage, implies a 
specific interaction between adsorbate and adsorbent having reference to 
chemisorptions adsorption rather than physical adsorption.  
However, if this condition is encountered in physical adsorption, it is ascribable to 
microporous adsorbents. The only exposed surface that can be filled with adsorbate is 
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mostly the one that resides within the micropores, so there is no external surface that 
can experience additional adsorption.  
 Type II isotherm is widely observed with physical adsorption and it is  characteristic 
of nonporous adsorbent or powders with po
macroporous adsorbent. The inflection point in the isotherm corresponds to the 
completion of the first adsorbed monolayer. Second and higher layers are completed 
as a result of the increase of the relative press
 Type III, also observed for macroporous adsorbent is less usual than Type II and it 
occurs when the heat of liquefaction exceeds the heat of adsorption. 
 Type IV isotherms are encountered with porous adsorbent whose pores possess a 
radius between 15 and 1000Å, so
pressures an enhancement of the slope is observed, meaning that as a consequence of 
the complete filling of the pores, the uptake of adsorbate increases.
 Type V isotherms, which are seldom foun
adsorbents, however, they are indicative of very weak adsorbate
interactions. 
Although the shape of the isotherm visually gives a rather good idea of the mean pore 
size because it can be related to a definite ab
pore sizes are present in the solid making the classification of the isotherm hardly 
possible.  
Figure 3.12:  The five types of adsorption isotherm
 
To get information on the porous texture of the adsorbent, 
of the isotherms, it is possible to “call on” the shape of the hysteresis loop. The presence 
of an hysteresis loop is always ascertained with isotherm of types IV and V and  in 
certain cases also with types II and III [23].
In fig. 3.13 going from left to right (A
cone shaped pores, pores formed by non parallel plates and ink
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re diameters larger than micropores, that is 
ure.  
 
-called mesoporous adsorbents. At higher relative 
 
d are also obtained for mesoporous 
ovementioned group, sometimes different 
 
instead of looking at the shape 
 
-E) we see the ideal curves for cylinder, slit and 
-adsorbent 
 
-bottle pores (or 
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spheroidal cavities or voids between close
In everyday practice, the hysteresis loop shape is rather different from the ideal curves 
due to a quite broad pore size distribution or due to the presence of different pore shapes 
in the same solid. Further, in some cases such as in the presence of
(Type I isotherm), or non porous adsorbent as well as in the case wherein the pores are 
nearly perfect cylinders closed at one end, no hysteresis is observed.
Figure 3.13:  The five types of hysteresis loops proposed by de Broer 
 
Nitrogen adsorption-desorption isotherms on powders, obtained by calcination of the 
corresponding sols, were measured at 77 K on a Fisons Sorptomatic 1990 after 
outgassing the samples for 24 h at room temperature [25, 26]
that in order to prevent the modification of the sample texture the outgassing 
temperature must be kept always below the temperature of the last thermal treatment to 
which the solid has been submitted.
 
 3.9 X-ray Photoelectron Spectroscopy (XPS)
The XPS technique, alternatively named electron spectroscopy for chemical analysis 
(ESCA), is a surface analysis technique used to investigate the composition of the 
constituents in the surface region and their valence band
chemical state of elements. It is based on the photoelectric effect: when an X
specific energy (generally with laboratory based equipment either Al K
Mg Kα at 1253.6eV) excites the electronic states o
emitted. Obviously, the energy of the photons incident upon a material surface must be 
large enough to allow the escape of the core electron from the atom and hence the 
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ejection of the electrons from the surface which are 
analyser (HSA) before the intensity for a defined energy is recorded by a detector.
The sample analysis is conducted in a vacuum chamber (<10
transmission of the photoelectrons to the analyzer 
gas on the sample surface and more in general to prevent any contaminations of the 
surface, since XPS is very surface
The atomic core level binding energy (Eb) relative to the Fermi level (E
represents the energy necessary to remove a specific electron from an atom, and is equal 
to the energy of the exciting radiation (h
free electron (Einstein relation):
where  Φsp   is the work function of the spectrometer (typically around 5eV) (Fig. 
3.14).    
Figure 3.14:  Photoemission process
 
The material, unless grounded, will develop a positive charge because the incoming 
radiation has no charge whereas the emitted 
In order to prevent sample charging, a so called “neutralizer” consisting of a low energy 
electron gun, can be applied to the sample to compensate for the photoelectron current. 
Since core level electrons in solid
exhibit resonance peaks characteristic of the electronic structure for atoms at the sample 
surface. For energies around 1400eV, ejected electrons from depths greater than 8
have a low probability of lea
and thus they contribute only to the background signal rather than well defined primary 
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ν) minus the kinetic energy (Ek) of the ejected 
 
Eb = hν - Ek – Φsp   
 
electrons have a negative charge.
-state atoms are quantized, the resulting energy spectra 
ving the surface without undergoing an energy loss event 
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 [3.33] 
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photoelectric peaks. Further, not all peaks in XPS data are due to the outgoing of an 
electron as a consequence of a direct interaction with the incident photon because Auger 
electrons may also be generated (Fig.3.14). Indeed, according to the theory formulated 
by Pierre Auger in the 1920s, whatever the cause of an electronic level with a missing 
electron, a more energetic electron may decay to fill the vacant hole created by the x-ray 
photon resulting in the formation of a hole in the higher energy level. If this hole imparts 
energy to another electron at an electronic level with similar binding energy, the electron 
is emitted with a characteristic energy depending on the BE of all 3 electronic levels 
involved in the process [27, 28].  
The signals coming from levels with orbit angular momentum quantum number l >0 
give a doublet peak due to the spin-orbit (l-s) coupling. The separation between the 2 
peaks is called spin orbital splitting. 
The entire useful range of binding energies accessible with the X-ray source employed 
represents a “survey scan” spectrum and it is worthwhile noting that the binding energy 
scale is drawn from right to left, so that the photoelectron kinetic energies measured by 
the spectrometer increase from left to right.  
Unlike the photoelectric peaks, the peaks relative to Auger electrons will be broader. 
Further, it must be pointed out that the Auger lines and the photoelectric lines move in 
energy relative to one another by altering the photon energy that is, by switching to, for 
example, a MgKα source. X-ray satellite peaks, which are less prominent than Auger 
lines, arise from the fact that a non-monochromatic x-ray source is used. Since Auger 
line energies are independent of the photon energy they do not have satellite peaks 
deriving from the lack of monochromaticity of the primary beam. However, satellites 
due to other factors such as chemical shifts and different oxidation states may be present.  
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Figure 3.15: Example of XPS survey data (TiO
 
The top 1-5nm of a sample can be probed with XPS by changing the detection angle 
(Fig. 3.16), thus effectively changing the information depth of the technique (since 
photoelectrons that escape the sample without inelastic scattering have to travel in a 
straight line to the surface). Depth profiling analysis beyond 5
sequential sputter erosion using an inert gas ion gun (normally Argon) which slowly 
etches away the surface revealing subsurface. The chemical depth profiles can be 
obtained by alternating sputtering and XPS spectral acquisition. 
Figure 3.16: Angle-resolved photoelectron spectroscopy exhibiting an enhanced surface sensitivity [29]
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Film composition and the oxidation state of the doping elements were determined using 
a S-Probe monochromatized XPS spectrometer (VG) equipped with an Al Kα X-ray 
source. In order to eliminate the outer contaminant layers of the samples, argon 
sputtering (pressure 1.5×10-7 mbar) with an energy of 4keV was performed during 40s. 
The binding energies of the elements of interest were referenced to the 1s photoline of 
carbon originating from contaminant hydrocarbons (284.6 eV). 
 
3.10 Photocatalytic tests  
As we have already seen in Chapter 2, the field of heterogeneous photocatalysis has 
undergone several developments within the last three decades in relation to energy 
technology and the protection of the environment and it is still significantly expanding 
with relation to solar water splitting and the purification of polluted air and water. We 
also have already seen the reason why titanium dioxide is more interesting than 
conventional methods for environmental cleaning in both homogeneous and 
heterogeneous catalysis. Among these we recall that it gradually but totally breaks down 
the pollutant molecule leaving no residue of the original contaminant and TiO2 itself 
does not change during the photoreaction that continues to work even at very low 
concentrations as the contaminant is strongly attracted to the catalyst surface [30]. TiO2 
as previously mentioned, can be used as “model” semiconductor for the treatment of 
pollutants in water and air, nevertheless, the factors which influence the 
photodegradation in both media are different. For instance, in water special care must be 
given to pH whereas in air, factors such as the amount of free oxygen present and the 
relative humidity are of more significance. 
Therefore, tests might be carried out using model compounds both in water and air in 
order to estimate the real efficiency of the catalyst produced and to better understand the 
parameters which affect the evolution of the photoreaction in the two different systems. 
 
3.10.1 In aqueous medium 
Nitrophenols are toxic and biorefractory organic compounds which are extensively used 
in chemical industries in the production of pesticides, dyes and pharmaceuticals and are 
common pollutants in natural water and industrial wastewater. Among them, 4-
nitrophenol (4-NP), which provokes considerable damages to the ecosystem and human 
health and is highly soluble in water (1.6g/100ml), falls under environmentally 
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hazardous material. Although the United States Environmental Protection Agency 
(USEPA) established 20ppb as 4-NP maximum allowable concentration, in some places 
its amount in industrial wastewater is higher [31]. Therefore, an efficient method to 
reduce the level of phenols in wastewater must be developed, especially considering that 
their complete biodegradation requires quite a long time (several weeks). Since this 
pollutant does not undergo degradation for several hours under UV+Vis irradiation in 
the absence of catalysts, it has been chosen as test molecule. Photodegradation 
measurements of 4-nitrophenol (4-NP; Sigma-Aldrich, Reagentplus ≥ 99.9%) were 
performed under UV irradiation (Osram Sylvania, Blacklight-Blue Lamp, F18W/BLB-
T8, λ = 365 nm) over a 20 h period and the temperature was kept at 25°C throughout the 
measurement by means of a cooling system. 25ml of a solution of 4-NP 1×10-4 mol L-1 
(in demineralized water) were kept under stirring throughout the measurement in a Petri 
dish that was located in a batch reactor hermetically closed to avoid evaporation [32, 
33]. The solution was kept under stirring in the dark for 1h to ensure the establishment 
of adsorption/desorption equilibrium. In these experimental conditions, the pH of the 4-
NP solution was equal to 4.1, therefore only the protonated form of p-nitrophenol, 
C6H5NO3, was present in the solution [34]. Aliquots of 1 mL were withdrawn at 
different times and the concentration was determined by UV spectrophotometry 
(Genesys 10S UV-Vis spectrophotometer-Thermo Scientific) and in particular, by 
absorbance measurement at 318 nm which represents the maximum of absorbance of the 
protonated form of 4-NP. Seeing as the catalysts used are films and hence immobilized, 
there is not variation over time of the amount of catalyst during the photocatalytic 
reaction. The 4-NP photoconversion is expressed as a degradation percentage and it is 
calculated using Eq.3.34: 
%DEGRADATION 3 -{|            [3.34] 
where Cf and Ci correspond to the final and initial concentration of 4-NP, respectively.  
 
3.10.2 In gaseous phase 
As earlier mentioned in Chapter 2, the main source of pollution into the atmosphere is 
the emission of organic chemical compounds which are in both indoor and outdoor 
environments. However, the primary concern is for indoors due to the highly harmful 
impact on the health of people exposed. Volatile organic compounds (VOCs) are the 
principal contaminants in indoor air due to their high volatility, or in other terms, their 
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low boiling point temperatures under normal indoor atmospheric conditions of 
temperature and pressure. In particular, the higher the volatility, the more likely the 
compound will be emitted from a product or surface into the air which is why the indoor 
organic pollutants are categorized as very volatile, volatile or semi-volatile by the World 
Health organization (WHO)[35]. However, it should be stressed that there is a wide 
range of measurement methods and analytical instruments to determine the VOCs 
concentrations and all of them are highly selective in what they can measure and 
quantify. For this reason, it is important to specify how the measurements on VOCs were 
performed in a given environment. Ethanol, together with formaldehyde, toluene, 
acetone, 2-propanol and other compounds belong to the class of volatile organic 
compound, an intermediate category between very VOC (VVOC) and semi-VOC 
(SVOC)[34]. Ethanol is mainly used as industrial solvent and produced by breweries and 
bakeries, nevertheless its emission rose in the last decade as consequence of its use as 
biofuel in the automotive sector. Although ethanol is only partially toxic, its main 
degradation intermediate, acetaldehyde, is very toxic and a potential carcinogen in 
humans. Further, since it is a common contaminant in indoor environments, and people 
spend more than 90% of their time there, the exposure  increases as well as the risk to 
health [36]. Consequently, the removal of ethanol has obviously become a  serious 
problem that must be addressed. 
 
3.10.3 Photocatalytic reactor design 
Two types of chemical reactor are typically used for investigating supported thin film 
catalysts, namely the batch reactor and the plug flow reactor [37]. The former implicates 
the replenishment with reactants and reaction medium and then sealing the reactor, 
hence it runs in a discontinuous mode and as no flow is involved, the kinetics are quite 
simple. The content of the reactor is then kept under stirring to get homogeneous 
concentration and temperature. The plug flow reactor, running in a continuous mode, 
implies the continuous addition and removal of reactant and reaction medium from the 
reactor. In this case, it is assumed that there is a concentration gradient in the flow 
direction and that only forced convection exists. This type of reactor is more difficult to 
model, since the reaction kinetics as well as the flow of the reactants and carrier gas are 
hard to describe. Moreover, photocatalysis is a quite slow process, which makes it 
difficult to obtain a sufficiently high change in reactant concentration when there is a 
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constant renewal of contaminant. Therefore K. Eufinger et al. [38] have designed a batch 
reactor, which is used in the thesis present work. Several authors [38-42] investigated 
photocatalytic ethanol degradation in batch reactors. Different studies are reported 
regarding the complete kinetic description of the reaction, describing the oxidation 
mechanism by means of various techniques as well as the influence of experimental 
conditions and sample characteristics on both the breakdown mechanism and kinetics. 
However, there is still no general agreement on it. Sauer et al. [39] proposed the first 
complete kinetic model for the photocatalyzed oxidation of ethanol in air and in 
particular, they report a mechanism which involves first the breakdown reaction of 
ethanol to acetaldehyde that through a formaldehyde intermediate leads to the formation 
of CO2. They also hypothesized the formation of acetic acid and formic acid as 
intermediates which quickly  react  and compete with ethanol for adsorption. They 
developed a kinetic model which is based on a single state Langmuir-Hinshelwood rate 
equation and it is the outcome of the combination of the kinetic parameter of each 
component determined separately. A further insight into the reaction mechanism was 
given by Nimlos et al. [40] which identified the most important intermediates including 
those resulting from minor condensation reactions, namely, methyl formate, ethyl 
formate, methyl acetate and 1,1-diethoxyethane. Pursuant to adsorption isotherm 
measurements for ethanol and oxidized intermediates, the authors concluded that two 
different adsorption sites on TiO2 surface are present: one for alcohols and acids 
accommodation by oxygen bridging sites and the other one for aldehydes too, through 
hydrogen bonds. Despite of the reports by Nimlos et al.[40], a double step mechanism 
was suggested by Vorontsov et al. [41, 42]. According to them, ethanol is oxidized to 
acetaldehyde, on the basis of equation 3.35:  
CH3CH2OH +0.5O2→CH3CHO+H2O     [3.35] 
The latter is then broken down to give H2O, CO and CO2, following equation 3.36: 
CH3CHO+2.5O2→2CO2+2H2O    [3.36] 
Further studies [43-46] validated the hypothesis formulated by Nimlos and coworkers, 
according to which two types of sites on the titania surface are responsible for ethanol 
adsorption. Most of these studies reported the detrimental effect of acetaldehyde on the 
titania photodegradation of ethanol and specifically, they suggested that this 
intermediate poisons the sites with strong ethanol adsorption, preventing the completion 
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of its oxidation. Regardless of the contrast between the different published studies, most 
of them point out that parameters such as catalyst surface acidity and hydration, presence 
of dopants as well as existence and concentration of species competing for adsorption on 
the catalyst surface, influence the exact kinetic and mechanism reaction.  
 
3.10.4 Reactor setup and procedure 
The evolution of the catalytic reaction was monitored by means of an atmospheric gas 
analyzer containing a mass spectrometer (Pfeiffer Vacuum Omnistar). 
Photocatalytic measurements were carried out in a custom made stainless steel batch 
reactor having a net volume of 8.75 l, in a controlled Ar/O2 atmosphere (dry mixture 
with ratio 80:20 to simulate air) in order to prevent the influence of humidity, CO2 and 
organic impurities. Since the mass of N2 (28amu) might interfere with signals of many 
organic fragments, it was not possible to use synthetic dry air (ratio 80:20, N2/O2). 
Hence, N2 was replaced with Ar (40 amu) and the amount of O2 was assumed to be 
constant due to the rather high initial content. As shown in Fig. 3.17 depicting the setup 
of the photocatalytic reaction chamber, the only “opening” from which light can enter 
the reactor, is an UV-transparent window (quartz glass). This is kept closed with a 
metallic shutter while a dark measurement is performed. A vacuum/air tight gate valve 
was used to separate the reaction chamber from the pumping system consisting of an oil-
free pre-vacuum membrane pump and a turbo-molecular pump, used to evacuate the 
chamber. A cold cathode gauge (Pfeiffer Vacuum IKR 251) and a compact capacitance 
gauge (Pfeiffer Vacuum CMR 271) were employed to determine the pressure reached on 
evacuating and during the back-filling with the Ar/O2 atmosphere at 1050 mbar 
respectively.  
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Figure 3.17:  Schematic representation of the photocatalytic reaction chamber
 
1050mbar was chosen as working pressure because from the investigations reported in 
reference [38] it emerged that it is possible to reduce the air diffusion into the reactor 
chamber atmosphere only by using pressure above the standard atmospheric pressure
(1013 mbar). Two kind of flanges were used, namely, Conflat® with Cu
KF with VITON ® o-rings. 
The measurements were performed under dry conditions as Eufinger’s tests in  the 
condition of  8% rel.hum. at 20
48], showed that the addition of water is detrimental for the photocatalytic oxidation of 
ethanol. Indeed, as a result of water addition (1770 ppm equivalent to 8% rel.hum. at 
20°C), the reaction rate drops to a very low value which is
rate obtained for the degradation of ethanol in the dark.
However, it is worth stressing that 
and that the ethanol used for this study was exposed to ambient air so that an 
mixture of ethanol and water was established (95.6 vol% ethanol/ 4.4 vol% water).
mercury high-pressure short arc bulb (Osram HBO 200W/2 in an Oriel arc lamp 
housing) was used as light source with an input power of 100 W. This is equipped with
quartz focusing lens to de-
water filter consisting of a 6 cm length tube filled with water and placed between the UV 
lamp and the chamber, was used to minimize IR radiation coming from the lam
external fan was used to cool down the water filter during the measurements.
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For wavelengths higher than 300nm, the UV transparent window shows a transmittance 
>90% whereas together with the water filter the value of transmittance decreases to 65% 
at 400nm and even to 30% at 300nm (Fig. 3.18). In F
together with  both water filter and quartz window can also be seen.
Figure 3.18: Transmission spectra of the UV transparent windows and the water filter and the spectrum 
these two together.   
 
A FS920 spectrofluorimeter (Edinburgh Instruments) was used in order to obtain the 
emission spectra of the lamp itself, the lamp together with the water filter and the latter 
two plus the quartz window, respectively (Fig. 3.19). I
enables to cut off the peak at ca. 255nm. The number of photons emitted per nm is 
deducible from the normalized intensity because these 2 physical characteristics are 
proportional. 
  
Figure 3.19: Emission spectrum of 
filter together and these two components together with the UV transparent window.
Characterization Methods 
67 
ig.3.18 the spectrum of the lamp 
 
t can be seen that the water filter 
the mercury high pressure short arc lamp, the UV lamp and the water 
 
 
of 
 
       Chapter 3                                               Characterization Methods 
 
 
68 
 
The thin films were positioned 15 cm from the lamp and their temperature was 
maintained at 40°C during the measurements by means of a thermocouple (copper-
alumel) placed behind the sample onto the sample holder. The necessity of controlling 
the sample temperature, bud from the fact that the sample is susceptible to a large and 
inconstant temperature change upon starting the illumination. A high speed fan was 
mounted below the sample holder to homogenize the gas concentration inside the 
reaction chamber. The thermal dependence of the reaction was investigated by Meroni 
[15] in the same system and three temperatures (40, 60 and 80°C) were tested in this 
research. The finding was consistent with the results of Voronstov [42] that is an 
increase of the reaction rate constants with the sample holder temperature. Nonetheless, 
Voronstov et al. found that the selectivity towards complete mineralization of ethanol 
monotonically decreases with increasing temperature, contrary to the finding of Meroni, 
according to whom the CO2 formation rate markedly increases with temperature. 
It is worth noting that the light received by the sample inside the reactor chamber is 
identical to the emission spectrum represented with a black line in Fig.3.19. The total 
power the sample receives from the lamp, after passing through the water filter and the 
window, is equal to 10 ± 3 W and 62%  of the light  is received at photon energies 
higher than 3.2 eV (band gap of anatase corresponding to light of wavelength equal to 
387nm) [38]. 
The lamp emission spectrum shows the distinct emission lines of Hg, namely 253.7, 
296.7, 302.2, 313.2, 334.2 and 365nm in the near UV and 404.7 and 407.8nm (violet), 
435.8nm (blue), 546.1nm (green), 577 and 579.1nm (yellow) in the visible region. It 
must be stressed that due to the transmission behavior of the filters (Fig.3.19), the strong 
Hg line at 365nm must be considered as pertaining to visible light. 
With regard to TiO2 anatase, only the peaks at 300, 313, 330 and above all the one at 
365nm can excite it, whereas for rutile (Eg = 3.02eV equivalent to λ= 413nm) excitation 
can be reached by the line at 406nm. The lines in the visible part of the light spectrum 
can be responsible for the activation of doped titania samples for which the effective 
band gap shifts to lower energies or in the presence of localized bands. Doped samples 
were tested under both UV+ Visible irradiation and Visible light only. To this end, a 
poly-methyl methacrylate (PMMA) filter was used to cut off the UV light during the 
measurements limited to visible light and in particular, in Fig. 3.20 the transmission 
spectrum of the filter used to cut off the UV light is shown.  
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Figure 3.20: Transmission spectra of the PMMA filter used.
  
From Fig. 3.20 it can be seen that the filter 5mm thick does not transmit any light below 
300 nm and beyond 360nm the transmission is close to 90%. The cut
between the chamber quartz window and the water filter. 
The chamber atmosphere 
analyzer (Pfeiffer Vacuum) containing a mass spectrometer (Pfeiffer Vacuum Prisma 
QMS200M) which is differentially pumped by a turbo
vacuum pump to 102 Pa in the 1
the reaction chamber by a stainless steel capillary which samples the chamber 
atmosphere in intervals and is kept at 120
components to the capillary walls and hence t
analysis ranges from 0 to 200amu, consists of two detectors: a faraday cup and a 
channeltron (SEM) detector. The former presents higher signal stability however, the 
channeltron is preferred for its stronger signal amplific
sensitivity. Pursuant to measurements of signal stability in both air and Ar/O
with and without probe pollutant injection it was found that the channeltron detector 
must be chosen since it combines a high sensitivity w
stability in measuring concentrations in the ppm range with the required accuracy [38].
Calibrations and measurements were performed by using the QuadStar software and the 
complete calibration and measurement routine programm
given component the mass point (a peak with a maximum ion current at a certain 
mass/charge) value does not coincide with the actual mass/charge value of the ion due to 
instrumental effects, it is necessary to define the poi
calibration sequence “mass scale calibration” (MSC). Once the maximum is defined, the 
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mass points can be followed qualitatively or quantitatively, by choosing “multiple ion 
detection” (MID) or “multiple concentration detection” (MCD) respectively. 
Generally MCD analysis is performed to follow the concentrations of Ar (40amu), O2 
(32amu) and ethanol (45amu) and this procedure implies the calibration of the ion 
currents of the components against the ion current of a standard gas “gas specific 
calibration” (GSC). The concentration of a compound is then calculated by using the 
following equation: 
f(p)
f(~) ∙ K(A) =
(p)
 (~)    [3.37] 
where c(A) and c(ST) represent the concentration of a compound A and of the standard 
ST (in our case, Ar at 40 amu), respectively and I(A) and I(ST) are the ion currents of 
compound A and of the standard ST. 
In the previous formula K(A) represents the calibration factor of a compound A, which 
is calculated before performing any measurement. The initial concentration of the probe 
pollutant substance was fixed by the amount injected while the O2 and Ar concentrations 
were determined by the nominal composition of the gas mixture in the chamber. The 
signals of H2O (18 amu), N2 and CO (28 amu) as well as CO2 (44amu) were also 
qualitatively followed.  
 
In addition to GSC 3 other calibrations were performed: 
• Zero gas calibration implicates the recording of the background noise caused by gas 
species inside the MS before the opening of the inlet valve; 
• QMS offset defines the zero point of the ion current signal received by the detector, 
needed to correct for the offset in the ion current; 
• MSC (Mass scale calibration) is performed in order to define the actual position of 
the maximum of the mass/charge peak, which is slightly shifted from the theoretical 
value.  
The experimental procedure can be summarized as follows. After having placed the film 
inside the reactor, in front of the UV transparent window, the reactor is pumped down to 
10-4Pa. The Ar/O2 gas mixture is then used to backfill the chamber up to a pressure of 
1050mbar. In order to obtain a stable output from MS ion filament, SEM detector and 
UV lamp, they are switched on 30 minutes before the beginning of the photocatalytic 
test itself. The sample holder is pre-heated and then kept at 40°C to avoid an increase in 
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EtOH concentration ascribable to ethanol desorption from the titania film as a result of 
the increase in temperature due to the UV irradiation. Zero gas, offset
calibrations, previously explained, are performed and then a measurement cycle lasting 
30 minutes is started. This measurement is performed in dark (the shutter blocks the 
light) and it is needed to stabilize the MS output signal. It must b
ethanol decomposition was observed in the absence of light or catalyst. Immediately 
after the completion of this step of the measurement, 6
concentration of 273ppm (ignoring adsorption phenomena) are injected in
reactor through a micro syringe. 
After 30 minutes and the achievement of an equilibrium, the gas specific calibration is 
performed. The last part of the measurement lasting 3h can now begin: the metallic 
shutter is removed and the light can hit t
the end it is possible to obtain a graph like the one shown in Fig. 3.21.
Fig. 3.21: Typical curves representing the photocatalytic ethanol degradation (blue line) with consequent 
rise of the CO2 peak intensity (red line) for a sample made of P25 Degussa.
 
It can be seen that the EtOH concentration decreases sharply at the beginning of the 
reaction and then starts to increase till it reaches a plateau. The apparent increase in the 
ethanol concentration is due to a CO
confirmed by the fact that a strong increase in the mass/charge signal at 44amu relative 
to CO2 is also observed. 
As consequence, it is meaningless to follow the ethanol signal further than 
since there is the interference of the signal of CO
component due to ethanol only from the signal at 45amu and hence to obtain information 
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in the reaction kinetics, was made by Meroni [15]. In her thesis work it is reported that 
the signal at 44 amu (corresponding to CO2) can be multiplied by a constant and then 
subtracted from the signal at 45 amu (ethanol and a CO2 isotope). The constant was 
determined by dividing the plateau intensity of the signal at 45 amu by the plateau 
intensity of the signal at 44 amu. The obtained value for the constant was close to 1%, in 
agreement with the theoretical ratio for the CO2 isotopes. The resulting curve was then 
used to ascertain the reaction kinetics [49]. As the reaction shows a good linear ln(c0/c) 
vs. time correlation (considering the data elaboration) a pseudo-first order kinetics can 
be considered. Further tests with different initial pollutant concentration, however, by 
plotting ln(c0/c) vs. time provided  straight lines with different slopes. So a first order 
reaction kinetics has been excluded and the results obtained were interpreted in the light 
of what several authors reported, namely, the competition for adsorption among ethanol, 
acetaldehyde and other reaction intermediates and products.  
 
Regarding the presence of intermediates, Eufinger [38] determined the ones present as 
result of the photoxidation reaction by comparing the mass spectrum of the reaction 
chamber atmosphere with the reference MS spectra of acetaldehyde, acetic acid, 
formaldehyde and formic acid.  
The appearance and disappearance of three mass/charge lines (at 29, 30, 43 amu) that 
she observed during the reaction, are consistent with the formation of acetaldehyde as 
intermediate product (Eq.3.35). Further, given that the reference spectrum of acetic acid 
shows its most intense peak at 60amu, its presence was excluded because no significant 
lines higher than 46 amu appear. Formic acid formation as intermediate product was also 
excluded, since it should otherwise interfere with the ethanol line at 45 amu with a 
pattern similar to that of the mass/ charge lines at 29, 30 and 43 amu.  
Therefore, she identified acetaldehyde as the only significant intermediate and she stated 
that the reaction follows the two step mechanism represented in Eq. 3.35 and 3.36. The 
strong line observed at the mass/charge value of 30 amu could be explained taking into 
account the presence of formaldehyde, however, its presence could not be definitively 
assessed as there is an overlap between the strongest lines in the reference spectrum of 
formaldehyde and acetaldehyde at 29amu. 
The formation of formaldehyde would only occur if acetaldehyde would react with O2 to 
give acetic acid according to the following equation: 
       Chapter 3                                               Characterization Methods 
 
 
73 
 
      CH3CHO + 0.5 O2 → CH3COOH   [3.38] 
Then acetic acid could react with oxygen to give formaldehyde (Eq. 3.39 and 3.40). If 
not enough oxygen is present CO is formed instead of CO2. 
    CH3COOH + O2 → HCHO + CO2 + H2  [3.39] 
CH3COOH + 0.5 O2 → HCHO +CO + H2O   [3.40] 
Formaldehyde could at this stage react to give formic acid according to Eq. 3.41: 
HCHO + 0.5O2 → HCOOH      [3.41] 
However, as previously said if the formation of the intermediates reported in Eq. 3.38-
3.41 would occur, the appearance of specific mass/charge lines should be observed.  
Therefore, there is the right to believe that the two step mechanism represented in Eq. 
3.35 and 3.36 is the one describing the ethanol degradation in the considered system and 
conditions. 
Regarding the reaction law and how the photocatalytic activities are determined, the 
isolation method in which the concentrations of all the reactants except for one are in 
large excess allows to simplify the determination of a rate law. Indeed, if the reactant B 
is in large excess its concentration is approximately constant during the reaction and 
hence [B]=[B]0. Therefore, the rate law (Eq.3.42) for a generic reaction A+B→ products 
expressed as: 
                      
k[A][B]ν =
              [3.42] 
can be approximated as:  
           
'k [A]ν =   [3.43] 
with  =' 0k k[B] . This way, the rate law can be simplified to an apparent first-order rate 
law (pseudo first-order rate law).  According to the method of initial decay [48], which 
is often used together with the isolation method, for a reaction with A isolated, the rate 
law (equation 3.44) is: 
                         ν = ak[A]        [3.44] 
The initial rate (Eq.3.45) given by the initial values of concentration is: 
a
0 0k[A]ν =      [3.45] 
Choosing a logarithmic plot yields an equation for the initial rate: 
                                                
ν = +0 0log logk alog[A]       [3.46] 
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This plot of ν0log against 0log[A]  gives a straight line with slope a. The initial rate must 
be determined as  ∆ ∆[A]/ t  for the initial part of the decay curve, that is as tangent of 
the initial part of the curve at [A]=[A]0. 
Therefore, the initial reaction rate of EtOH photodegradation was obtained from the 
slope of the first linear data points, related to the sharply decreasing pollutant 
concentration, of the curve of the concentration of EtOH (ppm) versus time (min). The 
achievement of a final plateau in the CO2 curve points to reaction completion although 
the final ethanol concentration does not approach zero, and it must be considered as the 
reaching of the ending of the reaction(s) rather than poisoning of the catalyst. This 
assumption is confirmed by the fact that by injecting new ethanol inside the reactor, the 
photocatalytic oxidation starts again [15]. Forasmuch as there is a variation in the 
pollutant/surface sites ratio, it is possible to explain the decrease of the reaction rate 
constants. 
Indeed the increase in the initial pollutant concentration blocks the surface sites whose 
number is limited, resulting in a slowdown of the reaction rate. In addition, the reaction 
rate of CO2 formation decreases as consequence of the competition for adsorption 
among intermediates and ethanol onto the catalyst surface. 
 
3.10.5 Reactor set up changes 
During this work of thesis some attempts have been made in order to change the reactor 
set-up. In particular, we tried to replace the lamp by a set of two high power UV-LEDs 
(375nm, 230mW, Roithner Lasertechnik)  generating much less heat and to use only one 
pump to evacuate the reaction chamber. 
Going in order, a UV-LED light has been used to replace the powerful mercury arc lamp 
and it has been placed just after the UV transparent window. The influence of this 
change has been evaluated with a film made by our reference, namely, P25 Degussa 
whose preparation is described in Chapter 2. Fig.3.22 shows the curve obtained using 
both lamps. 
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Figure 3.22: Ethanol photodegradation obtained with P25 Degussa catalyst under LED irradiation (red 
line) and the mercury high-pressure short arc 
 
It can be seen that the two curves trend is rather different. Indeed, following the LED 
irradiation there is not a sharp decreasing of the pollutant concentration. This can be 
mainly ascribable to the power of the light source and theref
the sample, that is definitively lower if the LED lamp is used.
A second trial to change the set
turbo-molecular pump and leaving only the oil
determine the effect of different evacuations of the reaction chamber. In particular, the 
pre-vacuum pump enables to reach 10
the reaction chamber till 10
achievement of a pressure much lower than 10
and hence, the use of the turbo
Figure 3.23: Ethanol photodegradation obtained with P25 Degussa catalyst. The reaction chamber was 
evacuated using both pumps (blue) and the oil
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bulb (blue line). 
ore to the power received by 
 
-up of the reactor has been made by switching off the 
-free pre-vacuum pump on in orde
-2mbar, then the turbo-molecular pump evacuate 
-6
mbar. The results shown in Fig.3.23 reveal that t
-2 mbar is important during the evacuation 
-molecular pump is essential.  
-free pre-vacuum pump only (red line). 
r to 
he 
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It can be supposed that by reaching only 10-2 mbar, the chamber is not completely and 
sufficiently cleaned. In other words, the chamber is not deprived of the products derived 
from the previous measurement performed in the chamber and the competition for 
adsorption among ethanol, acetaldehyde and other reaction intermediates and products 
begins immediately after the removal of the metallic shutter rather than at the end of the 
measurement. 
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Chapter 4 
Preparation of V, Nb and Ta doped TiO2 
by non-aqueous sol-gel technique 
 
 As mentioned in Chapter 2, pure TiO2 only absorbs light with wavelengths shorter than 
380nm (UV region), therefore it is a great challenge to increase its spectral sensitivity to 
visible light for more practical applications [1-3]. In this chapter, the synthesis and a full 
investigation of a series of vanadium-, niobium- and tantalum-doped TiO2 catalysts is 
presented. A non-aqueous sol-gel process is proposed to synthesize stable doped TiO2 
sols. For Nb and Ta doping the precursors used were ethoxides whereas for V doping 
two different precursors, a vanadium alkoxide and V2O5 were used in order to compare 
the results obtained with regard to a different distribution of the vanadium ions in the 
TiO2, due to the dissimilar doping approaches. 
 Further, the effect of a pre-heat treatment and calcination temperature as well as the 
influence of diethylene glycol (DEG) on the photocatalytic activity (PA) of the undoped 
catalysts was investigated.  
DEG was used to stabilize the sol [4] and improve the adhesion of the films. The 
photocatalytic properties of the films with and without DEG were measured. In addition, 
the effects of the number of layers deposited on the glass and therefore of the thickness, 
were studied. 
The crystalline structure of the films was characterized by X-ray diffraction and their 
photocatalytic activity was evaluated for the oxidation of ethanol in air. Simultaneous 
thermo-gravimetric and differential thermal analysis (TG/DTA) measurements were 
carried out to ascertain the thermal decomposition behavior of the precursors.  
 The microstructure, optical and morphological properties of the films obtained by spin-
coating from the sol, and annealed at different temperatures, were investigated using 
SEM, TEM, diffuse reflectance spectroscopy (DRS) and ellipsometry.   
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Furthermore, to identify the effective composition of the samples, they were 
characterized by X-ray photoelectron spectroscopy (XPS) and the surface area of the 
powders was measured by N2 adsorption. Most of the results presented in this chapter 
were published in the Journal of Sol-Gel Science and Technology [5] 
 
4.1 Preparation procedure 
Precursor sols for TiO2 were prepared as follows: titanium (IV) isopropoxide (TTIP; ≥ 
97%) was dissolved in ethanol (EtOH; HPLC grade) and then acetylacetone (AcAc; 
99%) was added under magnetic stirring at room temperature in order to decrease the 
reactivity of the alkoxide and stabilize the sol [6,7]. After 1 hour, a mixed solution of 
acetic acid glacial (99%) and ethanol was added drop wise under stirring to initialize the 
hydrolysis by esterification reaction with alcohol. The molar ratio TTIP:EtOH was 
maintained at 1:10, whereas the molar ratio TTIP: AcAc: acetic acid was kept at 1: 0.3: 
0.2 [7]. Various amounts of DEG were added to have different precursor solutions with 
molar ratios DEG:TTIP equal to 1, 2.5, 5 and 10, respectively. The obtained mixtures 
were stirred for 1 hour, resulting in a TiO2 sol, which was stable for more than 5 months. 
For doping, vanadium (IV) triisopropoxide oxide (VO[CHO(CH3)2]3; 96%) and 
vanadium (V) oxide (V2O5;  99.8%) were used as V dopant sources whereas niobium 
ethoxide (NbE; 99.9%) and tantalum ethoxide (TaE; optical grade, 99.95%) were chosen 
as Nb and Ta precursors respectively. 
Doped TiO2 sols were prepared by dissolving titanium isopropoxide and the dopant 
alkoxide in ethanol and then following the same procedure as described above. 
Appropriate volumes of V, Nb and Ta alkoxides [8,9] were added to the reaction with 
TTIP and EtOH to obtain dopant precursor amounts of 10 and 20 wt.%. The synthesis of 
V doped TiO2 with vanadium oxide as precursor, involved the dissolution of V2O5 in 
hydrogen peroxide (H2O2, 35% w/w aq. Soln.) [10]. The molar ratio V2O5 : H2O2 was 
kept at 1:1.3 [11] and the resulting solution was stirred for 30 minutes. Afterward it was 
added to a mixture of TTIP, EtOH and AcAc and the same procedure as described above 
was followed to obtain the sol. In particular, the samples made by using vanadium (IV) 
triisopropoxide as dopant precursor were labeled as V1 and V2 whereas, the samples V3 
and V4 pertain to the doping made with vanadium (V) oxide. 
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The sols were deposited onto the substrates and spun at 2000 rpm for 20 sec. After 
coating, the films were dried at 100°C for 8 h in air and calcined at 400, 500 or 550°C 
for 2h in air. Some samples were not heated at 100°C to evaluate the influence of a pre-
heat treatment. In addition, samples with a different number of layers were prepared. In 
between coatings, the glass slides were placed in an oven at 80°C, to achieve complete 
evaporation of the solvent after every coating. 
 
4.2 Results 
4.2.1 Undoped TiO2 films  
The influence of pre-heat treatment, calcination temperature and different number of 
layers on the photocatalytic activity of the undoped films was tested in order to choose 
the best film preparation conditions. Further, various amounts of DEG were added to 
evaluate its influence as stabilizing agent. Table 4.1 shows a list of all the titania 
photocatalysts prepared in this way, together with the number of layers, the molar ratio 
DEG to TTIP, the conditions adopted for the preparation, the photocatalytic activity of 
the films and their thickness determined by means of ellipsometry measurements 
performed on the most homogeneous films. In the penultimate column the average 
crystallite sizes, calculated using the Scherrer equation [12] are reported. Most films 
displayed only diffraction peaks from anatase and the width of the most intense 
diffraction peak (101), corrected for the instrumental broadening, was used for crystallite 
size determination.  
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Table 4.1. Properties of the  undoped synthesized photocatalysts 
 
Sample 
Number 
of 
layers 
Molar 
ratio 
DEG:TTIP 
Pre heat 
treatment 
100° C 
Calcination 
temperature 
(° C) 
Photocatalytic 
activity ± 
3σa    
(ppm/min) 
 
d(nm)** 
Thicknessb 
(nm) 
A 1 
 
yes 450 3.09±0.23 74 40 
B 2 
 
yes 450 3.24±0.28 68 190 
C 3 
 
yes 450 1.76±0.15 84 310 
D 1 
 
no 450 1.87±0.30 109 270 
E 2 
 
yes 500 0.60±0.05 77 215 
F 2 
 
yes 550 0.49±0.06 95 340 
G 1 1 yes 450 0.89±0.07 38 
 
H 1 2.5 yes 450 1.00±0.06 42 50 
I 1 5 yes 450 1.42±0.06 52 
 
L 1 10 yes 450 1.57±0.07 39 
 
M 2 1 yes 450 0.28±0.11 37 
 
N 2 2.5 yes 450 0.71±0.14 36 
 
O 2 5 yes 450 1.08±0.03 56 
 
P 2 10 yes 450 1.24±0.05 58 120 
P25 4 
   
3.44±0.16 25 n.a. 
a The results are reported with 99.7% confidence interval. 
b The thickness was determined on the most homogeneous films ( n.a.: not applicable) 
** Crystallite sizes d are calculated from XRD peak widths 
 
The effect of pre-heat treatment at 100°C can be derived from samples A and D in Table 
4.1 The photocatalytic performance of the pre-heat treated film A is twice as good as 
sample D which was not pre-heat treated. The film structure is not affected by pre-heat 
treatment (Fig.4.1), but the larger crystallite size in sample D leads to a lower 
photocatalytic activity than for the pre-heated sample A. Indeed, the increase in the 
crystallite size, by decreasing the effective surface area, induces a lower activity.  
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Fig. 4.1 XRD pattern of TiO2 film 
titania film that did not undergo pre
From the data obtained in the photocatalytic tests, it is possible to observe that a mild 
increase in the photocatalytic activity was achieved by adding a second coating (sample 
A and B). Several authors reported that a larger thickness causes an enhanceme
photocatalytic activity until it reaches a maximum value, after which the activity remains 
constant [13, 14]. A detailed explanation of this behavior and more in general about the 
relation between thickness and photocatalytic activity will be giv
For a three-layer coating (sample C), there is a decrease in the activity. It can be seen 
from the XRD pattern (Fig. 4.2) that the structure of the TiO
mainly of anatase phase type, whereas the sample with 3 coa
anatase and rutile peaks. The lower photocatalytic activity of the triple layer film 
(sample C) can thus be ascribed to the presence of rutile, which is less reactive than 
anatase because of its higher recombination rate of photoindu
[15] and to the increased crystallite size (4.1)
2 by non-aqueous sol-gel technique
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pre-heat treated at 100°C during 8h compared to the XRD pattern of a 
-heat treatment. 
 
en in Chapter 8.
2 single and double layer is 
tings consists of both 
ced electrons and holes 
.  
 
 
nt of the 
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Fig. 4.2  XRD pattern of TiO2 films with different number of  layers. Diffraction peaks  A: anatase (ICDD 
card no. 21-1272) and R: rutile (ICDD card no. 21
 
The effect of the calcination temperature was also investigated (samples B, E and F). 
The XRD patterns evidence peaks belonging to pure anatase and no trace of rutile is 
detected in any sample, treated at 450, 500 and 550
phase remains stable in thin films up to 550
temperature results in crystallite growth and therefore in worse photocatalytic 
performance, as minutely described in Chapter 2. 
 
Fig. 4.3 XRD spectra of TiO2 
 
2 by non-aqueous sol-gel technique
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-1276).  
°C (Fig.4.3). Hence, the anatase 
°C. However, an increase in the annealing 
 
films treated at different calcination temperatures. 
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From the above-mentioned results, best conditions for the preparation of the films were 
selected: pre-heat treatment at 100
the activity of sample B comes close to the one of the reference photocatalyst P25. In 
order to understand the evolution of phases and prove the complete decomposition of the 
precursors upon thermal treatment, the sol was subjected to thermogravimetric and 
differential thermal analysis.
Figure 4.4 shows TGA and DTA on TiO
temperature regions and above 530
appears between 150 and 230
from the precursor.  
Fig. 4.4  TGA (solid line) and DTA (dashed line) profiles of TiO
 
No peaks in the DTA curve are observable in this region, therefore this weight loss 
cannot be ascribed to the evaporation of the solvent or to the thermal decomposition 
occurring during gelation. The second weight loss between 250 and 350
weak extended exothermic peak in the DTA plot. It is considered to originate from the 
calcination of organic compounds and from dehydroxilation processes. The third weight 
loss step centered at 515
surface groups as well as to the further combustion of the remaining organic compounds 
[16].  All exothermic peaks in the DTA plot are related to weight loss, indicating that no 
phase transformation has occurred and this is in agreement with the XRD results.
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°C, double coating and calcination at 450
 
2 sol. The weight loss occurred in three 
°C the weight loss curve leveled off. The first loss 
°C and is attributed to the loss of physically absorbed water 
2 gel. 
°C corresponds to the removal of hydration water and OH 
 
°C. Indeed, 
 
°C is related to a 
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In order to investigate the influence of DEG, used to stabilize the sol and improve the 
adhesion of the films, samples G, H, I and L (Table 4.1) were prepared starting from the 
TiO2 sols with a molar ratio DEG :TTIP equal to 1, 2.5, 5 and 10, respectively. A double 
coating was deposited on the glass substrate and the films were pre
and calcined at 450°C, according to the optimum results discussed above. The addi
did not influence the main anatase crystallite phase (Fig.4.5). 
Fig. 4.5 XRD patterns of titania monolayer films with molar ratio DEG :TTIP= 0 
Although the DEG removal by decomposition during the thermal treatment acted on the 
surface area by creating pores of about 15 nm, as it was seen with magnification 120000 
× (Fig.4.6a), the films with and without DEG revealed an inhomogeneous structure at 
low magnification (Fig. 4.6b). In both cases, the thin film peeled off so the presence of 
diethylene glycol did not improve the adhesion and smoothness of TiO
substrate. 
Fig. 4.6 SEM micrographs for sample H with magnification 120000x (a) and 250x (b)
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-1 -2.5 
 
 
°C 
tive 
 
-5 -10. 
2 films on the 
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The photocatalytic properties of the coatings with DEG as function of the number of 
layers deposited on the glass were also investigated. The double layer films
N, O and P) which presented XRD patterns (Fig.4.7) belonging to the anatase phase, 
showed a lower activity than the single layer ones and this can be assigned to bigger 
thickness. 
The analysis of the films prepared using different amounts of D
trend in the photocatalytic activities obtained and in particular, the sample with ratio 
DEG to TTIP equal to 10 presents the highest activity both for single and double layers 
(but still lower than the activity obtained without 
Fig. 4.7  XRD patterns of titania double layer films with molar ratio DEG:TTIP= 0 
Regarding coatings with additive agent, it seems DEG served as template for the 
creation of pores leaving molecular marks with poten
the reason why the higher the amount of DEG the higher is the photocatalytic activity of 
the film.  
 A further confirmation of this assumption is given by AFM for the surface imaging 
analysis that was used to compleme
samples with 2 different molar ratio DEG:TTIP are reported. The AFM micrographs 
shown a granular microstructure (Fig. 4.8a
the samples depends on the amount of 
the surface imaging of sample L whereas Fig.4.8 c and d are related to sample H, 
respectively. It is observed that the lower the molar ratio DEG:TTIP, the higher is the 
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EG reveals that there is a 
the addition of DEG). 
-1 
 
tial as catalytic sites. This explains 
nt the structural study. In Fig. 4.8, 2D images of 
-d) and reveal that the surface topography of 
DEG. To be more precise, Fig.4.8 a and b, show 
 
 (samples M, 
 
 
-2.5 -5 -10. 
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amount of defects and irregularities of 
photocatalytic activity (see Table 4.1).
Fig. 4.8 AFM surface morphology images of sample L (a, b) and H (c, d).
 
The RMS surface roughness values measured on an area of 2.0
sample H and 2.24 nm for sample L.
Despite of the enhanced porosity deriving from the addition of DEG, the films with no 
additive showed the highest photocatalytic activity and above all sample B,  which is a 
highly active film if compared with 
in 4.1). The lower values must be ascribed to other causes, not clear for the moment. 
Possibly the presence of DEG introduces defect states in the films which decrease the 
lifetime and diffusion length of the electron
Reflectance spectroscopy in the range of plasma frequency [17] is a fast and non
measuring technique which allows to determine the quality of many functional coatings 
on glass as long as the coatings show a certain
promising technique, the lack of homogeneity in the TiO
addition of DEG, might restrict the application of this technique. 
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the surface and hence the lower is the 
 
 
 
 
µm × 2.0
 
titania films prepared using Degussa P25 (see results 
-hole pairs created upon UV illumination.  
 electronic conductivity. Although it is a 
2 films prepared with the 
 
 
 
µm are 2.64 for 
-contact 
Chapter 4            Preparation of V, Nb and Ta doped TiO
 
4.2.2 Doped TiO2 films  
To shift the absorption edge towards the
activity under visible light, elements of the fifth group (aimed to act as electron donors) 
were doped into the TiO
summarizes the loading of dopants, t
sizes and the lattice parameters of the doped catalysts, all doubly coated films pre
at 100°C and calcined at 450
The photocatalytic activities of the films, obtained under visible and ultr
light irradiation, are also reported in Table 4.2 and compared with a pure TiO
(sample B). As expected, the latter was not active under visible light whereas the doping 
has proven to be successful in enhancing the response of TiO
Indeed, all the doped samples, and above all Ta1, outperformed the pure TiO
The presence of dopants remarkably influences the morphology of the films. Indeed, all 
samples present a unique texture that is not always crack fre
e). 
Fig. 4.9 SEM images of the surface morphology of undoped 
Nb2 (d) and Ta2 (e). 
 
From XRD analysis all doped samples showed only peaks belonging to the anatase 
phase (Fig.4.10). Slight shifts in peak position were observed, indicating lattice 
distortion in the anatase crystal structure. The absence of peaks of dopant phase, points 
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 visible region and increase the photocatalytic 
2 sols at two concentrations (10 and 20 wt.%). Table 4.2 
he results of the photocatalytic tests, the crystallite 
°C.  
2 films under  visible light. 
e or homogeneous (Fig.4.9a
(a) and doped TiO2 thin films: V4 
 
-heated 
aviolet + visible 
2 sample 
2.  
-
 
 
(b), V2 (c) 
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out that the dopant species are either well incorporated on substitutional sites in the TiO
phase or amorphous. 
Fig. 4.10 XRD patterns for the doped TiO
calcined at 450°C per 2h. 
 
TEM was used to further investigate the morphology and the particle size of the samples 
in the form of films. The examined area of doped TiO
sizes are consistent with XRD results. Fig. 4.11 (a, b and c) displays the TEM 
micrographs of V3, Ta2 and Nb1, respectively, and it can be seen that the particle sizes 
of V3 are around 20nm, those of Ta2 range from 60 to 
particle size is bigger (∼100nm). In addition, it can be estimated that the particles in V3 
and Ta2 present mostly spherical morphology.
Fig. 4.11  TEM micrograph of V3
2 by non-aqueous sol-gel technique
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2 double coating films pre-heat treated at 100
2 catalysts shows that the particle 
100 nm, while for Nb1 the 
 
(a), Ta2 (b) and Nb1(c) 
 
 
2 
 
°C per 8h and 
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In Table 4.2, the specific surface areas obtained from the Brunauer, Emmett and Teller 
(BET) method, SBET, are presented for the undoped titania and all the doped TiO2 
powders (since the BET method cannot be applied to supported thin films, as described 
earlier). For V3 and V4 samples, a larger surface area might be expected due to the very 
small crystallite size. However, the presence of some impurities, such as solvent or 
reactants, into the pores of the samples could have reduced the sample surface area as 
measured by BET.  
 
Table 4.2. Properties of  V, Nb and Ta- doped samples 
Sample Dopant 
content 
(wt.%) 
PA  
UV+Vis 
± 3σa 
(ppm/min) 
PA Vis 
± 3σa 
(ppm/min) 
 
d(nm)** 
 Lattice     
parametersb 
a(Å)      c(Å) 
Band  
gap 
energy† 
(eV) 
SBET 
± 5 
(m2/g) 
B 
 
3.24±0.28 0.02±0.01 75 3.790    9.714 2.72 35 
V1 10 0.05±0.02 0.16±0.09 61 3.787    9.592  2.25 55 
V2 20 0.07±0.01 0.09±0.03 78 3.794    9.825   2.90 60 
V3 10    0.08±0.01 0.23±0.08 19 3.788    9.531  3.09 30 
V4 20 0.40±0.05 0.23±0.04 13 3.784    9.517   3.20 70 
Nb1 10 0.05±0.02 0.16±0.03 123 3.808    9.699 2.86 10 
Nb2 20 0.72±0.04    0.01±0.01 117 3.811    9.614 2.80 15 
Ta1
 
10 0.56±0.03 0.35±0.06 33 3.794    9.532 2.87 35 
Ta2 20 0.35±0.07 0.02±0.01 67 3.796    9.914 2.87 10 
Band gap energy and SBET are determined on powder samples. 
The dopant precursor was vanadium (IV) triisopropoxide for V1 and V2, and vanadium (V) oxide for V3 
and V4. 
                       a The results are reported with 99.7% confidence interval 
               
b
 The value of lattice parameters are calculated from XRD patterns 
                † apparent band gap energy obtained from DRS measurements 
              ** Crystallite sizes d are calculated from XRD peak widths 
 
In V1 and V2, SBET is higher than what could be expected taking into account the 
crystallite diameters calculated by XRD. Indeed, nitrogen adsorption-desorption 
isotherms of these samples (Fig. 4.12) are characteristic of slightly microporous samples. 
Furthermore, the difference between BET and XRD data for V1 and V2 might be due to 
the fact that the particles can have different shape (not only spherical as shown in TEM 
images). So all these phenomena - pores and roughness - should be taken into account. 
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The specific surface areas for Ta and Nb doped TiO
the XRD crystallite average diameters and it can be pointed out that Nb dopants act as 
growth promoter, increasing the particle size. 
Fig. 4.12 Nitrogen adsorption-desorption isotherm 
 
The band gap, or better the onset of absorption as explained in chapter 3,
Nb and Ta doped TiO2, compared to non
edge (Table 4.2) shifted to higher 
Burstein shift) [18,19]. As a matter of fact, the metal doping is aimed to cause a decrease 
in the band gap (see Chapter 2) and therefore a red shift, however, as a result of Nb and 
Ta ion doping accomplished in this work a blue shift is observed. Two are the possible 
theories, widely reported in literature, which can explain this “unusual” trend for Nb and 
Ta doping. Indeed, the origin of the blue shift seen in the optical band gap might be the 
result of the combination of the bandgaps of TiO
Vegard’s law [20]. Alternatively, the blue shift can be ascribed to  the so called Moss
Burstein shift, according to which the apparent increase of the band gap is due to the fact 
that free electrons fill up the energy levels at the bottom of the conduction band shifting 
the Fermi level higher than the conduction band minimum [18, 19, 21]. 
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2 are in quite good agreement with 
 
for Ta (a), Nb (b), V (c-d) doped TiO
-doped TiO2 (sample B), showed an absorption 
energy and this is due to band filling effects (Moss
2 and Ta alkoxide, according to the 
 
 
 
2 catalysts 
 (Fig.4.13) of 
-
-
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Fig. 4.13 Converted diffuse reflectance spectra of sol
 
Upon V doping the samples synthesized from alkoxide showed 2 different trend and in 
particular, V1 a red-shift whereas V2 a blue shift. Both samples synthesized from V
presented a blue-shift. This is consistent with the quantum confinement model
According to QC theory, for semiconductor particles below 30 nm, both electrons (in the 
conduction band) and holes (in the valence band) are spatially confined by the 
potential barrier. This confinement results in an increase in energy of the lowest energy 
optical transition from the valence to the conduction band, that is an increase of the band 
gap. 
To determine the actual composition and chemical states of do
spectra (Fig. 4.14a-e) were recorded. V
chemical states, which are V
V4) [23] and a vanadium species that is a mixed
at 516.3eV (sample V2)(Fig.4.14a). Hence, XPS analysis showed that V species exist in 
different oxidation states in the lattice of V
used as precursor for the vanadium ions.
can be assumed that the reduction of V
alcohol used in the synthesis 
bombardment, before the actual the XPS measurement. 
ion sputtering performed in XPS measurements induces considerable modification in the 
surface composition and in the morphology of a sample. In particular, it is repo
by argon bombardment different vanadium oxidation states can be obtained from V
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-gel made powder samples listed in 
pants in the samples, XPS 
-dopants in the TiO2 catalysts existed in one of 3 
5+
 at 517.3 eV (sample V3), V4+ at 515.9eV (sample V1 and 
-valence oxide consisting of V
-TiO2 although in both syntheses V
 
Taking into account the reduction potentials it 
5+
-V4+ was accompanied by the oxidation of the 
[24].  However, V reduction can also be due to the 40s 
Indeed, it is well known that the 
 
 
Table 4.2. 
2O5 
 (QC)[22]. 
surface 
4+
 and V5+ 
5+
 was 
Ar+ 
rted that 
2O5 
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and that the first reduction from V
However, additional study will be required in order to understand the rea
only V5+ ions were detected by XPS.
 
Fig. 4.14 The XPS spectra of dopant photolines 
 
The peaks of the Nb3d were very weak and not well resolved (Fig. 4.14b). The binding 
energies for the 20wt.% Nb doped catalyst were found at 207 and 210 eV, suggesting 
that the oxidation state of Nb in both Nb
the Ta-4f level showed a very weak and broad peak (Fig.4.14c). In particular, for the 
sample Ta1 this peak appeared clearly as two shoulders, at about 27 and 22 eV. These 
binding energies are nearly the same as those reported for Ta
respectively [26].  
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5+
 to V4+ occurs after only 12 sec of sputtering 
 
 
(a) V2p, (b) Nb3d and (c) Ta4f (d) Ti2p 
-doped samples is 5+ [26]. The XPS spectra of 
2O
 
[25]. 
son why in V3 
(e)O1s. 
5 and Ta metal, 
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In terms of the Ti2p XPS spectra (Fig.4.14d), the spin orbit components (2p1/2 and 2p3/2), 
corresponding to Ti4+ in a tetragonal structure, are well represented by two narrow peaks 
at about 464.0 and 458.5 eV [27]. A further confirmation of this assumption is given by 
the fact that the difference in BE between the spin orbit components of the Ti2p peak is 
about 5.6eV, that is proper to Ti4+  and excludes the presence of other oxidation states for 
all the doped samples [28].  
The O1s XPS (Fig.4.14e) spectra showed a broad and asymmetrical peak indicating that 
there was more than one chemical state according to the binding energy. In particular, 
deconvolution of the O1s spectra yielded peaks consistent with O2- (∼529.5eV), OH- 
(∼530.5eV) and adsorbed H2O (∼532eV), respectively [29-33].  
Table 4.3 lists the nominal and real surface element/Ti ratios as well as the binding 
energies for all elements recorded in XPS and referenced to C1s at 284.6 eV. In 
particular, the nominal value is obtained based on the input concentration of element vs. 
titanium whereas the real element/Ti ratio was determined by XPS. 
 
Table 4.3. Nominal and real element/Ti ratios and binding energies for XPS photolines 
of the doped TiO2 samples. 
 
Sample 
Nominal value 
element/Ti 
(at.%/at.%)  
Real ratio 
element/Ti 
(at.%/at.%)  
Binding energy (eV) 
        Ti2p                        O1s                    V2p          Ta4f         Nb3d 
V1 0.13 0.04 458.33      463.93      529.68      532.21       515.91                       
V2 0.25 0.11 458.42      463.98      529.69      531.19       516.30                        
V3 0.32 0.04 458.67      464.33      530.44      532.81       517.32                       
V4 0.65 0.56 457.15       462.7       529.41      532.09       515.86                       
Nb1 0.16 0.16 458.14      463.86      529.71      532.14                           206.83  209.64 
Nb2 0.42 0.32 458.41      464.18      529.54      531.97                           206.98  209.88 
Ta1
 
0.26 0.20 458.44      464.11      529.21      530.47                  22.59    26.87         
Ta2 0.42 0.17 458.33      463.81      529.84      531.98                  21.42    26.56          
 
A quantitative analysis of the composition showed hardly any deviation of the relative 
atomic concentration of elements for Nb- and Ta-doped TiO2. For V-doped samples, the 
actual surface doping concentration is quite low, especially for the samples containing a 
dopant/Ti ratio of 10wt.%. The XPS measurements indicated that the concentration of 
vanadium in the TiO2 matrix is much lower than the nominal values for 10 wt.% 
vanadium doped films synthesized from both precursors. Since the presence of dopants 
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was confirmed from other sample properties, like color (brownish and greenish for V1, 
V2 and V3, V4, respectively), and slight variation of the lattice parameters, the low 
actual concentration determined by XPS can be ascribed to an appreciable loss of dopant 
occurring during the removal of the upper surface layer. This was confirmed by XPS 
depth profiling, performed on the V
sputtering, which entails the removal of about 4nm of sample, the presence of a V peak 
is clear (dotted line).  
Fig. 4.15 The XPS depth profile spectra of sample V4.
However, after a second sputtering no trace of dopant is evident from XPS spectra. This 
may indicate that the sol-
distributed in the bulk of the sample but they might be only concentrated on the surface 
and in particular in the upper 8nm of sample, taking into account that during the 40s Ar
bombardment a thickness approximately equal to 4nm is removed. On the other hand, 
the different distribution of the dopant ions can also be due to the calcination which may 
have induced a surface enrichment 
asserted because a complete depth profiling XPS was not performed.  
Regarding to photocatalysis, under UV+visible illumination, the doped samples clearly 
perform far worse than the undoped sample B. However, with the UV filter in place, the 
visible activity of the undoped sample is reduced to almost zero, while the doped 
samples now prove more active: compared to undoped sample B, all samples except Ta2 
and Nb2 perform better under visible illumination.
For V3 and V4, the improvement in the photocataly
might be due to highly dispersed vanadium in the TiO
lattice parameters determined from the XRD pattern, indicated that a distortion occurred 
in the pure anatase structure (sample B). I
2 by non-aqueous sol-gel technique
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-doped TiO2 samples (Fig. 4.15). After the first 
 
 
 
gel technique does not allow the addition of V ions equally 
[34].  However, none of these two hypotheses can
 
 
tic activity under visible irradiation 
2 crystallites 
n particular a decrease of lattice parameters a 
 
+
 
 be 
[35]. Indeed, the 
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and c was observed due to the presence of V5+ (59pm) or V4+ (69pm) ions inserted in the 
lattice for all V doped samples, except for the 20wt.% V sample synthesized from 
alkoxide which shows larger lattice parameters although the ionic radii of the ions 
present in the sample are smaller or similar to Ti4+ (68pm) (Table 4.2).  Under visible 
illumination, both the 10wt.% and 20wt.% V synthesized from V2O5 are better that the 
corresponding ones derived from alkoxide. This can be ascribed to the smaller crystallite 
size and hence the higher surface area of the film. 
The visible response of Ta1 was the largest of all doped TiO2 films. It can be ascribed on 
the other hand to a similar ionic radius for both titanium and tantalum ions, which is 
about 68pm as well as to the smaller crystallite size. For the 20wt.% Ta doping, 
however, the visible response has dropped to zero. Following the characterization 
properties of Table 4.2, this must be ascribed to the higher doping concentration giving 
rise to larger crystallite sizes. Although Nb has a similar ionic radius (69pm) as Ta 
(68pm), the lower activity of Nb-doped samples can be explained taking into account an 
enhanced electron−hole pair recombination rate due to the modification in the anatase 
lattice induced by doping and cation vacancy formation [36-38].  
In conclusion, doping the TiO2 films with elements having a similar ionic radius favors 
easy inclusion of these elements into the lattice, with slight lattice distortions of the 
titania host. The crystallite size stood out to be a most important parameter in 
determining the visible photoresponse. Hence, preparation should aim at further 
decreasing the crystallite size of doped titania. 
 
The 10wt.% Nb and V doped titania samples showed a higher activity under visible light 
than under UV + visible irradiation. This is a highly surprising and unexpected result. 
However, careful analysis showed that this is indeed an existing and reproducible effect, 
and no artifact of the measurements. As the temperature of the sample is kept constant 
(at 40°C) during the photocatalytic measurement, a thermal effect is probably not 
responsible for the observed phenomenon. The effect might be ascribed to a slower 
recombination of photoinduced hole/electron pairs. In particular, since the charge 
transfer competes with the hole-electron recombination process, it can be hypothesized 
that, due to the doping, the higher is the energy of the light reaching the sample, the 
higher is the probability of recombination. Therefore, the higher energy of the UV light 
might lead to a faster recombination of electron-hole pairs which results in a lower 
photocatalytic activity. Further analysis is in progress to clarify the mechanism which 
Chapter 4            Preparation of V, Nb and Ta doped TiO2 by non-aqueous sol-gel technique 
100 
 
led to a higher visible response. The result, however, stresses the importance of using the 
same light source for UV/visible and visible photocatalysis. Usually, completely 
different light sources are applied for the two experiments, and absolute activities cannot 
be compared directly.  
 
4.3 Conclusions 
In this chapter, the photocatalytic activity of TiO2 catalysts films prepared by the sol-gel 
method was studied as a function of the pre-heat treatment, calcination temperature and 
number of coatings. The photocatalytic activity of the most active film (doubly coated, 
pre-heat treated at 100°C and calcined at 450°C) was found to be comparable to a 
reference sample of Degussa P25. Further, the addition of a stabilizing agent (DEG) in 
various amount was investigated and it was found that DEG addition does not improve 
the photocatalytic activity of the film and that thickness and crystallite size control of the 
TiO2 films are very important in order to obtain good photocatalytic activity. 
The modification of TiO2 catalyst to sensitize it to visible light, by addition of dopants, 
was also studied.  10 and 20 wt.% V-, Nb and Ta-doped titania catalyst films were 
synthesized. The doping process was successful and the dopant atoms were inserted into 
the TiO2 lattice as confirmed by XRD and XPS analysis. All doped samples have higher 
activity than pure TiO2 under visible light irradiation. Our studies show that V-TiO2 
catalysts prepared using V2O5 as precursor, perform better under visible irradiation than 
V samples synthesized from alkoxide and this can be ascribed to the smaller crystallite 
sizes. Among the developed catalysts, the 10wt.% doped TiO2 samples are the most 
active films and in particular the 10wt.% Ta doped titania shows the highest 
photocatalytic activity in the visible region, which is attributed to a similar ionic radius 
and small crystallite sizes.  
For some of the 10wt% samples, the photocatalytic activity under visible illumination is 
higher than the activity under UV+visible illumination. It shows that photocatalytic 
experiments using different wavelength ranges should – unlike usual practice – be 
carried out with the same light source and only using filters. In this way, a direct 
comparison of activities at these different wavelengths is possible. 
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Chapter 5 
Novel sol-gel route to produce highly 
active films under visible light 
 
Chapter 4 has highlighted that a different distribution of the vanadium ions in the TiO2 
leads to different photocatalytic activities and hence that it is important to find the most 
appropriate doping approach or better the most appropriate dopant precursor and 
concentration in order to improve the activity of the catalysts. 
In this chapter, in an attempt to achieve visible light–driven photocatalysis, a novel non-
aqueous sol-gel process has been developed to prepare a series of V doped TiO2 catalyst 
films using ammonium metavanadate (NH4VO3) as V dopant precursor. 
Liu et al. [1] reported the effect of V doping on the band gap reduction of V-TiO2 sol 
synthesized using an aqueous sol-gel technique in which tetrabutyl orthotitanate, 
ethanol, diethanolamine, water and polyethylene glycol were used as reagents. Tian et al. 
[2] investigated the magnetic properties of TiO2, based on the reaction of ammonium 
metavanadate and titanium tetra isopropoxide with ethanol and ethylacetate, 
respectively. Chen et al. [3] evaluated the influence of V doped TiO2 nanoparticles, 
synthesized by tetrabutyl titanate and NH4VO3, in the decomposition of methylene blue.  
This chapter reports on a detailed investigation of the structure and morphology of the 
above mentioned V doped TiO2 catalysts whose properties are then extensively 
discussed with relation to the results presented in the previous chapter. Therefore, the 
influence of different V dopant sources and hence ions distribution on the properties of 
the catalysts is stated. The physicochemical properties of the catalysts were 
characterized by XRD, SEM and UV-Vis spectroscopy whereas the photocatalytic 
activity was evaluated in the degradation of ethanol in air.  
 A further characterization performed by XPS reveals the presence of some N 
originating from the chelating agent in all samples and confirms V incorporation into the 
doped samples. Undoped TiO2 shows high activity under UV + visible and only visible 
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illumination due to the presence of nitrogen. The chelating agent (acetylacetone in the 
sol-gel process described in Chapter 4 and diethanolamine used in the synthesis reported 
in the current chapter) stood out to play a crucial role. 
Among the V doped catalysts, the 1wt.% doped film exhibited the highest photocatalytic 
activity. This synthetic method leads to V doped titania catalysts which performed much 
better and in which vanadium ions are more homogeneously distributed than V doped 
samples synthesized using V2O5 and vanadium alkoxide as V dopant sources. The V+N 
doped TiO2 films yield higher activity than single V doped films, but lower than the 
single N doped TiO2 film. In this chapter the importance of tuning the concentrations of 
the components in co-doped systems in order to optimize the photocatalytic performance 
will be stressed. This study has been published in Journal of Photochemistry and 
Photobiology A: Chemistry [4]. 
 
5.1 Preparation procedure 
Titanium (IV) isopropoxide (TTIP; ≥ 97%, Alfa Aesar) was diluted with ethanol (EtOH; 
HPLC grade, Alfa Aesar) to moderate its high reactivity. After magnetic stirring for 10 
minutes, a mixed solution of ammonium metavanadate and diethanolamine (DEA; 
(NH(CH2CH2OH)2; 99%, Alfa Aesar) was added drop wise. Different amounts of 
NH4VO3 (99.9%, Adrich) (V precursor/TTIP ratio of 1, 2.5 and 5wt.%) in different 
samples were mixed with an equivalent amount of diethanolamine 
(NH(CH2CH2OH)2/TTIP = 0.3). The resultant mixture was kept under stirring for 30 
minutes. Finally, acetic acid (99%  Aldrich) was added to initialize the hydrolysis by 
esterification reaction with alcohol and after 2h a series of sols with different V content 
was obtained. The molar ratio TTIP : EtOH was kept at 1:10 whereas the molar ratio 
TTIP:acetic acid was maintained at 1:0.3. Undoped TiO2 catalyst was prepared using the 
same procedure except for the addition of ammonium metavanadate. The schematic 
diagram of the synthetic procedure is shown in Fig.5.1. 
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Fig. 5.1: Experimental procedure for preparing V
 
The sols were deposited onto the substrates and spun at 2000 rpm for 20 sec. 
coating a calcination at 450
 
5.2 Results  
Table 5.1 shows a list of all the catalysts prepared (sample 
the dopant content, the band gap values and the photocatalytic activity (PA) of the films. 
For the sake of comparison, in Table 5.1 the above mentioned properties ar
reported for the V doped samples (V1
V2O5, respectively) as described in our previous work 
(sample B in chapter 4 and reference 
chelating agents (diethanolamine and acetylacetone, respectively) on the catalyst 
properties. 
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-TiO2 sols from NH4VO3. 
°C (heating rate 2°C/min) for 2 hours in air was performed. 
α, β, χ and 
-V2 and V3-V4, synthesized from V alkoxide and 
as well as the undoped ones 
[6]) in order to compare the effect of differen
 
 
After each 
 
δ), together with 
e also 
t 
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Table 5.1. Properties of the synthesized catalysts.  
 
Sample 
Dopant 
content 
(wt. 
%) 
 
d 
(nm)a 
PA ± 3σ b 
UV+Vis 
(ppm/min) 
PA  ± 3σ b 
    Vis 
(ppm/min) 
 
  ac(Å) 
 
cc (Å) 
Band    
gap  
energy 
(eV) 
α  30 3.64 ± 0.13 1.56 ±0.04 3.788 9.716 2.47 
       β 1 32 0.88 ± 0.02 0.51 ±0.02 3.791 9.689 2.06 
χ 2.5 33 0.63 ± 0.08 0.39 ±0.04 3.787 9.690 2.16 
δ 5 34 0.26 ± 0.05 0.19 ±0.04 3.789 9.615 2.29 
B 
 
68 3.24 ± 0.28 0.02 ±0.01 3.790 9.714 2.72 
V1 10 61 0.05 ± 0.02 0.16±0.09 3.787 9.592 2.25 
V2 20 78 0.07 ± 0.01 0.09±0.03 3.794 9.825 2.90 
V3 10 19     0.08 ±0.01 0.23±0.08 3.788 9.531 3.09 
V4 20 13 0.40 ± 0.05 0.23±0.04 3.784 9.517 3.20 
a Crystallite sizes d are calculated from XRD peak widths 
b The PA (photocatalytic activity) results are reported with 99.7% confidence interval 
c
 The lattice constants a and c are calculated from XRD patterns 
 
The average crystallite sizes, calculated using the Scherrer equation [5] are also reported. 
The latter are determined from the width of the most intense diffraction peak (101) of 
the TiO2 anatase phase, corrected for the instrumental broadening.  
From the investigation of the effect of the calcination temperature on the undoped TiO2 
films, it was found that although the anatase phase remains stable in thin films up to 
550°C, an increase in the annealing temperature results in crystallite growth and hence in 
worse photocatalytic performance. Therefore, 450°C was selected as annealing 
temperature for the preparation of the films. Fig. 5.2 shows the XRD patterns of the 
samples. The crystallographic phase of the undoped and V-doped TiO2 films calcined at 
450°C is pure anatase. No traces of dopant phases were detected, suggesting that V ions 
are incorporated into the TiO2 lattice. 
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Fig. 5.2: XRD patterns of  undoped TiO
450°C in air for 2h with anatase 
 
A confirmation of this assumption is given by the slight shifts in peak position which 
indicates the occurrence of lattice distortion in the anatase structure (lattice parameter c 
mainly, Table 5.1). In particular, a shrinking of the lattice is observed and this is 
reasonable taking into account the ionic radii of V
smaller and similar, respectively, to the Ti
samples synthesized using vanadium isopropoxide and V
previously observed [6], although the dopant loading was higher in that case. Indeed, Liu 
et al. [7] reported that for V doped TiO
throughout TiO2 as vanadyl groups (V
size estimated from the peak broadening is around 30 nm for all samples, indicating that 
vanadium does not influence the crystallite growth when NH
source and the dopant loading is relatively low. This is in agreement with Chen et al. 
who reported the inhibition of the grain growth due to V doping by NH
a significant reduction of the crystallite sizes occurred for V doping by V
before. This grain size reduction with respect to the undoped sample is ascribable to the 
higher dopant loading.    
After calcination, all the films are particulate and inhomogeneous and specifically, the 
cracks as well as the particulate nat
opaque titania coatings (Fig.5.3a). Fig. 5.3b shows the overlapping of the subsequent 
layers and cracks, presumably originating during the calcination. 
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2 (α) and vanadium doped TiO2 (β, χ, δ) films heat treated at 
peaks representing data from ICDD file No.21-1272 (top line)
5+
 (59pm) and V4+ (69pm) which are 
4+
 ionic radius (68pm). Also in the V doped 
2O5 only anatase peaks were 
2 calcined up to 500°C all vanadium is dispersed 
4+) and/or polymeric vanadates (V
4VO3 is used as dopant 
ure of the films led to light scattering and thus 
 
 
 
. 
5+). The grain 
[3]  
4VO3. In contrast, 
2O5, as reported 
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Fig.5.3 SEM images of the surface morphology of (
 
The color of the films turned from whitish to dark brown by increasing the dopant 
loading, indicating that the doping was successful. The thickness estimated by cross
sectional SEM images (Fig.5.4) is 
Fig.5.4 The cross-section SEM micrograph of sample 
A further confirmation of efficient doping is given by the optical absorption of V doped 
TiO2, compared to undoped TiO
TiO2 powder samples, the doped samples show an increased optical absorption in the 
visible (Table 5.1) which might indicate
band gap of TiO2 [8] or more likely it might be ascribed to defects.
e to produce highly active films under visible light
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a) sample χ and (b) sample δ. 
∼600nm.  
 
χ. 
 
2 (sample α). Indeed, from the DRS spectra (Fig. 5.5) of 
 that a dopant energy level is formed within the 
 
 
 
-
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Fig.5.5 Diffuse reflectance spectra of sol
 
A similar red shift was observed for V doped samples synthesized by using vanadium 
alkoxide as dopant precursor, whereas following V
blue-shift that is consistent with th
The main elements and their chemical states in the samples have been determined by 
XPS and the recorded photoline positions, referenced to C1s at 284.6 eV, are listed in 
Table 5.2. 
 
Table 5.2. Binding energies for XPS photolines of the TiO
 
Catalyst 
                                         
       Ti2p                          O1s                               V2p                  N1s
α 458.34      463.96      529.38      530.38                     
β 457.82      463.41      528.87      530.17          515.01  516.44          399.04
χ 458.00      463.50      528.97      529.82                  516.05         
δ 458.39      463.90      529.52      529.97                  516.43               400.13
 
The Ti2p region of the samples (Fig.5.6a) show the spin orbit components, 2p
2p3/2 at about 464 and 458.5 eV and they are assigned to Ti
the difference in binding energy (BE) between the spin orbit components of the Ti2p 
e to produce highly active films under visible light
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-gel samples α−δ. 
2O5 doping, the samples showed a 
e quantum confinement model (QC) 
2 samples 
Binding energy (eV) 
                   
4+
 [10]. This is confirmed by 
 
 
[6,9]. 
 
399.66 
 
      399.63 
 
1/2 and 
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peak being close to 5.6 eV 
samples exclude the presence of other oxidation states. 
Fig.5.6 The XPS spectra of dopants N1s (
 
The O1s XPS spectra (Fig.5.6b) can be deconvoluted in 2 peaks consistent with O
(∼529,5 eV) and OH- (∼530,5 eV)
V2p3/2 (fig.5.7b) show the characteristic signal of a vanadium species with a mixed
valence consisting of  V4+ 
shoulder of the V2p peak at 515eV was also detected suggesting the presence of V
species [12]. The reduction V
alcohol used in the synthesis 
XPS measurements [14]. Then again, the latter cleaning treatment is 
reason for the reduction V
reducing agents for its production than V
from Table 5.3 which lists the nominal and measured surface element/Ti ratios, that 
e to produce highly active films under visible light
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[11]. Therefore, the shape and position of Ti2p in V doped 
 
a) and V2p (b). 
 resulting from chemisorbed water. The spectra for 
and V5+ for all V doped samples except for sample 
5+
-V4+ could be due to the simultaneous oxidation of the 
[13] as well as to the 40s Ar+ sputter cleaning prior to the 
5+
-V3+ because it is well known that V3+ needs more powerful 
4+ and it is easily oxidized by air. It can be seen 
 
 
2- 
-
β, where a 
3+
 
the only possible 
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there is no deviation of the relative atomic concentration in the V doped titania coatings. 
This means that the concentrati
values for all dopant loadings, indicating that the V doping by NH
insertion of V ions in TiO
vanadium alkoxide doping as s
mainly localized at the surface. The XPS spectra also show a N1s peak centered at 
400eV (figure 5.7a) which is a typical feature of substitutional lattice nitrogen (N
form the structure N-Ti-O
as chelating agent.  
Fig.5.7 The XPS spectra of dopants N1s (
 
Although it is widely known that both ammonia and ammonium species lead to nitrogen 
doping [15-17] through a process of adsorption followed by nitridation, to the best of our 
knowledge NH4VO3 has been used only as vanadium dopant source, indicating that the 
NH4+ /NH3 produced during the decomposition/acidifying [18
dopant.  Besides, in our stu
NH4VO3 was not used in its synthesis. Therefore, it is reasonable to believe that DEA is 
e to produce highly active films under visible light
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on of vanadium in TiO2 matrix is equal to the nominal 
4VO3
2. This is in contrast with the results found for V
een in Chapter 4, which led to a distribution of V ions 
. The unintentional N doping is ascribable to the use of DEA 
 
a) and V2p (b). 
-20] does not act as 
dy sample α (Fig.5.7a) contains nitrogen even though 
 
 allows a uniform 
2O5 and 
∼ 
3-) to 
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the nitrogen source. Indeed, it is reported that DEA acts as stabilizing agent, forming a 
complex with the titanium precursor, thus preventing the precipitation of TiO2. In the 
study of the evolution of silver/TiO2 by a sol-gel process, Zhou et al. [21] reported that 
DEA does not only play a role in stabilizing the Ti precursor, slowing down hydrolysis 
and condensation, but it also acts as reducing agent. Further, Diker et al. [22] used a 
series of 1° and 2° alkyl and alcohol amines, among which DEA, as nitrogen sources in 
microwave and hydrothermal growth methods. Therefore, it is conceivable that in our 
sol-gel process DEA acts as N source and in particular, it combines with Ti-O-Ti 
forming a O-Ti-DEA network [21]. The subsequent heat treatment then does not burn 
out completely the nitrogen from the network. In addition, it can be seen in Table 5.3 
that the measured N/Ti value increases with increasing V doping although the ratio 
DEA/TTIP was kept constant in the preparation of all samples. 
 
Table 5.3. Nominal and measured element Ti/ratios 
 
Catalyst 
Nominal value V/Ti a 
(at%/at%) 
Real value V/Ti b 
(at%/at%) 
Real value N/Ti b 
(at%/at%) 
α  0 0.01 
β 0.04 0.03 0.03 
χ 0.07 0.07 0.03 
δ 0.13 0.13 0.04 
a The nominal value is obtained based on the input concentration of element versus titanium 
b
 The measured element/Ti ratio was determined by XPS 
 
This might indicate the establishment of a connection between nitrogen and vanadium 
since the higher the V loading, the higher the amount of nitrogen trapped in TiO2. 
However, further analyses are necessary to clarify the mechanism which lead to a 
stronger N trapping. The small changes in peak positions of the Ti2p and O1s photolines 
upon doping (table 5.2) are well within the error of the energy scale shift, applied to 
correct for sample charging and allow no further interpretation. 
It is worth stressing that in the photocatalytic tests, no ethanol decomposition was 
observed in the absence of light or catalyst as mentioned in Chapter 3. When comparing 
the photocatalytic activity of the undoped samples α and B (Fig. 5.8), α shows an 
improvement in the photocatalytic activity, with respect to sample B [6], especially 
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under visible irradiation, 
widely reported that one effective way to narrow the band gap is to elevate the valence 
band of photocatalysts by anion substitution and nitrogen doping this way can shift the 
optical absorption towards the visible range of the light spectrum 
Ceotto et al. [25] by means of a combined DFT and EXAFS approach, elucidated that 
the observed visible-sensitization in N
states rather than a change of the valence band position.
Fig.5.8 EtOH concentration versus time during photocatalysis reactions in which samples 
have been used as catalysts under UV+Vis irradiation
 
In particular, the undoped sample 
0,16 ppm/min) [6] under UV+visible illumination, proving that N doping is effective in 
enhancing the overall TiO2
V doping of TiO2 samples with 
illumination only, yields considerably less activity than the undoped sample 
literature, there is significant disagreement on the effects of V due to the widely varying 
experimental conditions in sample preparati
activity used. Indeed, Li et al. 
catalyst prepared by a single step hydrothermal method in the decomposition of 
methylene blue under visible light and in the Cr (VI) reduction. In contrast, Martin et al. 
[26] found that V doping the catalyst r
e to produce highly active films under visible light
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which is due to the presence of nitrogen. In literature, it is 
[23, 24
-doped samples is due to the formation of midgap 
 
. 
α shows the same activity as the P25 reference (3,44 
 activity.  
NH4VO3, under both UV + visible and visible 
on and the determination of photocatalytic 
[8] confirmed the improvement upon V doping of a 
educed the photoactivity over 4-
 
]. However, 
 
α,β,χ,δ and B 
± 
α. In 
chlorophenol due 
       Chapter 5             Novel sol-gel route to produce highly active films under visible light 
 
 
116 
 
to charge carrier combination. From the study carried out in this thesis, it stands out that 
with increasing V loading, the activity decreases under both UV + visible and visible 
illumination. However, samples β and χ perform much better than all the V doped titania 
films of our previous work [6] under both UV + visible and only visible illumination. 
Therefore, we can assume that the incorporation of V + N in TiO2 induces an 
improvement of the photocatalytic activity compared to single V doping. However, the 
single nitrogen doping of TiO2 (sample α) enhances the photo-oxidation of ethanol in 
air, as compared to the V + N co-doping (samples β-δ). Ke et al. reported on nitrogen 
and vanadium co-doped TiO2 thin films which showed higher activity than V or N single 
doped TiO2 [27]. They ascribed the increased ability to absorb visible light to the 
narrowing of the TiO2 band gap due to the mixture of 2p states of nitrogen and oxygen. 
However, they stressed the importance of impurity energy levels in improving the 
photocatalytic properties of V+N co-doped titania films. Although it has been reported 
that an excess of nitrogen leads to more oxygen vacancies which causes charge 
compensation and hence, a greater charge recombination [24] and that the use of 
vanadium, as well as iron, platinum and copper species, as redox mediators can enhance 
the activity under visible light, Jaiswal et al. [28] reported the necessity of using low 
dopant concentrations, in order to let the energy levels act as traps for charge carriers 
reducing the recombination of photogenerated electrons and holes. Hence, the lower 
activities of V+N co-doped samples compared to the single element doped (sample α) 
might be ascribed to fast recombination occurring with non-optimized concentration of 
V and N, respectively [28]. Hence, further investigation of this system should be made 
in order to understand how the concentrations of both chelating agent acting as N source 
and V dopant precursor can be tuned to further improve the photocatalytic performance. 
 
5.3 Conclusions 
This chapter establishes the effectiveness of NH4VO3 addition in sensitizing TiO2 
photocatalysts to visible light. 1, 2.5 and 5wt.% V-doped as well as undoped TiO2 were 
synthesized by a sol-gel technique using diethanolamine as chelating agent. XRD and 
XPS analysis confirm that the doping process was successful. The TiO2 without V 
doping has higher activity than the undoped sample prepared by non aqueous sol-gel 
technique in which acetylacetone was used as chelating agent under both UV + visible 
and visible illumination as described in chapter 4. The higher activity is ascribed to the 
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presence of nitrogen which is confirmed by XPS analysis. Diethanolamine hence acts as 
stabilizer as well as N source. All V doped samples show lower photo-activity for both 
illuminations. However, the incorporation of both V + N into TiO2 induces an 
enhancement of the photocatalytic activities with respect to V doped samples 
synthesized using vanadium alkoxide and V2O5 as dopant source and acetylacetone as 
chelating agent (described in chapter 4) and hence presenting no N doping. The activity 
of the V+N doped titania films decreases with increasing V loading showing that in the 
co-doped systems, the lower the dopant concentration, the lower the recombination of 
photogenerated electrons and holes and hence the higher the photocatalytic activity.  
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Chapter 6 
Comparison between aqueous and non-
aqueous routes 
 
This chapter reports on TiO2 films prepared using an aqueous sol-gel technique. The 
photocatalytic properties of the films prepared by the aqueous sol-gel technique are 
compared with the activity of films prepared using the same titanium precursor but by 
the non-aqueous sol-gel process (discussed in Chapter 4) in which the hydrolysis is 
initialized by an esterification reaction between acetic acid and alcohol. Unlike the 
previous two chapters which present results regarding doped films, in this chapter a 
comparison between undoped TiO2 catalysts made by two different sol-gel processes is 
described.  
The influence of different solvents and different amounts of HNO3 on the structure and 
photocatalytic activity of TiO2 films was investigated. The activity was evaluated by 
measuring both the photodegradation of ethanol in air and of 4-nitrophenol in water. The 
latter experiments were conducted in the Université de Liège in the framework of a 
scientific collaboration with the research group of Prof. B. Heinrichs. This study was 
aimed to understand the parameters affecting TiO2 photocatalysis in different media, 
namely air and water. Further, the possibility of analyzing data sets of both systems on 
equal terms has been evaluated in order to assess whether TiO2 can be assumed to be 
universally applicable.  
 
6.1 Preparation procedure 
Precursor sols for TiO2 were prepared using a non–aqueous and an aqueous sol-gel 
process summarized in Fig.6.1a and b, respectively. The non-aqueous process, as 
described in Chapter 4 and pictured in Fig.6.1a, entails the use of titanium (IV) 
isopropoxide (TTIP≥ 97%, Alfa Aesar), ethanol (EtOH; HPLC grade, Alfa Aesar), 
acetylacetone (AcAc; 99%, Alfa Aesar) and acetic acid (99%, Aldrich).  
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Fig.6.1: Experimental procedure for preparing sols of titania by non
method. 
 
In the aqueous sol-gel process (Fig.6.1b), nitric acid (HNO
used as hydrolysis catalyst. Sols were now prepared using three different solvents: 
ethanol, isopropanol (iPrOH; 
99.4%, Alfa Aesar). TTIP, us
three alcohols (molar ratio of alcohol
AcAc was slowly added into the alkoxide solution under stirring. After 1 hour the 
hydrolysis was conducted at 
deionized water and HNO
The molar ratio TTIP: AcAc was kept equal to 1. Two different amounts of HNO
(molar ratio of acid/TTIP = 0.25 and 0.5, r
amount of water (molar ratio H
The sols were deposited onto the substrates and spun at 2000 rpm for 20 sec. After each 
coating, the films were heated up to 8
four coatings a calcination at 450
performed. Such number of layers has been chosen so that the reference sample made of 
TiO2 powder P25 (Degussa) whose prepara
referring to the number of layers, comparable to the films described in the current 
chapter. 
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-aqueous (a) and aqueous (
3; 68%, VWR Prolab), was 
> 99.5%, pure, Acros Organics) and 1-butanol (BuOH; 
ed as titanium precursor, was diluted with one of these 
/TTIP = 10) to moderate its high reactivity. Then 
room temperature by adding a solution of alcohol, 
3 drop wise to the alkoxide solution under vigorous stirring. 
espectively) were mixed with an equivalent 
2O/TTIP = 1.5) leading to two sets of different samples  
0°C to enable the solvent evaporation and after 
°C (heating rate 2°C/min) for 2 hours in air was 
tion is described in Chapter 2, could be, 
 
 
b) sol-gel 
≥ 
3 
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6.2 Results  
The XRD patterns of the films prepared by both methods (Fig. 6.2) show only peaks 
belonging to the anatase 
powder samples meaning that neither the acid concentration nor the type of solvent play 
a significant role in the crystallization of the anatase phase of TiO
Fig.6.2: XRD patterns of films made by aqueous (samples 
method. Samples A and B were obtained using ethanol in the synthesis, C and D using isopropanol and 
samples E and F butanol. Samples A, C and E contain a HNO
B, D and F the HNO3/Ti ratio equals 0.5. The diffraction peaks belonging to anatase phase (ICDD card no. 
21-1272) and the corresponding lattice planes are indicated above the patterns.
The Scherrer equation [1] was used to determine th
powders. All the catalysts prepared are listed in Table 6.1, together with the solvent used 
in the preparation, the molar ratio HNO
obtained from the Brunauer, Emmett and 
sizes estimated from XRD, d
 
 
 
 
 
-aqueous routes 
123 
TiO2 crystalline phase. The same phase was obtained for 
2 at 450
A-F) and non-aqueous (sample 
3/Ti ratio equal to 0.25 
 
 
e crystallite size for both films and 
3 to TTIP as well as the specific surface areas 
Teller (BET) method, SBET, and the crystallite 
XRD.  
 
°C.  
 
G) sol-gel 
whereas for samples 
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            Table 6.1. Properties of the synthesized catalysts 
 
Sample 
 
Solvent 
HNO3/Ti 
precursor 
ratio 
 
dXRDa 
(nm) 
 
S*XRD a 
(m2/g) 
 
dXRDb 
(nm) 
 
S*XRD b 
(m2/g) 
 
SBET ± 5 
(m2/g) 
 
dBET 
(nm) 
A EtOH 0.25 40 38 25 60 < 5 n.a. 
B EtOH 0.5 26 61 37 41 < 5 n.a. 
C iPrOH 0.25 58 26 29 52 < 5 n.a 
D iPrOH 0.5 36 42 37 41 20 76 
E BuOH 0.25 74 21 27 55 50 30 
F BuOH 0.5 35 43 30 51 25 61 
G EtOH 
 
72 21 61 25 35 43 
P25 
  
25 61 
  
55 28 
*: Specific surface area 
a : Data obtained from XRD performed on films 
b : Data obtained from XRD performed on powders 
 
In order to allow comparison between these XRD and BET results, crystallite sizes and 
specific surface areas were related in the following way. 
 If the crystallites are assumed spherical and nonporous and all have the same diameter d 
(in nm), and if the crystallites are not aggregated in larger particles, it is possible to 
calculate the sample specific surface area S from the average crystallite dimension 
(obtained from the analysis of XRD pattern) and vice versa using equation 6.1: 
S 3 	2f7	7	
?
	2	7		
=
pi?


pi×ρ
=
×-4
/
   [6.1] 
S is the specific surface area (m2/g), d is the diameter of the TiO2 crystallites (nm) and ρ 
is the density of TiO2 (ρANATASE = 3.95 g/cm3) [2]. In addition to SBET and dXRD, Table 
6.1 also contains the surface area (SXRD) calculated from the XRD crystallite size and the 
particle dimensions (dBET) estimated from the SBET, both calculated from the above 
equation. 
The size of the anatase crystallites on films turned out to be dependent on the acidity of 
the sol. Smaller crystallite sizes were obtained with the addition of a higher amount of 
hydrolysis catalyst. Stated otherwise, a lower pH value leads to smaller crystallites. This 
effect can be expected based on the fact that the higher acid/titania molar ratio promotes 
the hydrolysis rate. This leads to a higher uptake of protons around the crystallites which 
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means a larger electrostatic repulsion preventing formation of aggregates or clusters [3, 
4]. Videlicet, a higher molar ratio acid/TiO2 and hence, higher surface charge around the 
particles does not enable the coagulation of the particles during peptization because 
HNO3 added to amorphous titania hydrates acts as breaker of the oxolation bonds among 
titanium atoms. The higher the HNO3 content, the more oxolation bonds get broken 
yielding smaller particle size. However, it must be stressed that an excess of acid 
produces unstable sols because the double layer goes through a compression leading to a 
lower interaction of the particles during collision which results in the formation of 
agglomerates [3]. 
At a single HNO3/Ti precursor ratio, the smallest crystallite sizes were obtained when 
EtOH and iPrOH were used (sample A, B and C, D respectively) whereas larger sizes 
were obtained for sample E and F, when BuOH was used as a solvent. This can be 
explained by taking into account the molecular weight of the alcohol. Indeed, a larger 
molecular weight (in this case EtOH < iPrOH < BuOH) results in a lower dielectric 
constant [5, 6]. The electrostatic repulsive forces are strongly dependent on the dielectric 
constant and the lower the dielectric constant the lower the maximum repulsive force [5, 
7]. This results in lower stability, enhanced rate of re-aggregation of the particles and 
thus larger crystallite size in the case of an alcohol with larger molecular weight. It can 
be seen that sample G obtained by the non-aqueous sol-gel method shows a larger 
crystallite size than sample A and B, made by a different synthetic path but using the 
same solvent. This can be ascribed to the totally different mechanisms which take place 
in aqueous and non-aqueous sol-gel methods. 
In contrast to the film results, the acidity of the sol does not play a significant role in the 
crystallite growth in powders. Indeed, the crystallite sizes for all the powder samples 
made by the aqueous sol-gel method are around 30 nm; the small differences in the 
values are well within the error margin of the Scherrer equation. As the synthesis route 
for powder and films are essentially the same except for the film deposition by spin 
coating onto the glass substrates, this difference between powder and film crystallite size 
must be ascribed to the interaction of the sols with the support, e.g. promoting a stronger 
adhesion among the titania particles. However, further studies are needed to elucidate 
the mechanism of growth since the results obtained are in contrast with Martyanov et al. 
[8]. From the present results, it is clear that not all parameters defining the physical 
properties of materials synthesized by a sol-gel process have been identified. The 
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apparent discrepancies in the results and with literature results should therefore be 
ascribed to these non-identified parameters. Possibly, this is inherent to any sol-gel 
process taking place in hard-to-control atmospheric conditions, and ideally, experiments 
should be conducted in clean room conditions with carefully controlled temperature and 
humidity. 
When comparing diameters dXRD determined from the powder XRD patterns and dBET, 
calculated from the specific surface area, considerable differences appear. The same 
holds through equation (1) for the surface areas, where for most samples, SBET is lower 
than SXRD. The difference between results from XRD and BET techniques follows from 
their different approach. Indeed, SBET is determined from the amount of nitrogen 
adsorption on the surface of powder particles, while SXRD, is based on the average 
crystallite dimensions and assuming these are all spherical and of the same size. 
Moreover, crystallite size is a measure of the size of a coherently diffracting domain and 
does not necessarily correspond to particle size (obtained by BET) due to the presence of 
polycrystalline aggregates [9]. Furthermore, Pabisch et al. [10] reported that the type of 
material as well as its shape, porosity and roughness influence the size of 
crystallites/particles. In our case, the presence of some impurities, such as solvent or 
reactants in the pores of the samples as well as the agglomeration of primary 
nanoparticles with merging at the grain boundaries could have led to deviation of the 
sample surface area measured by BET and by XRD. Furthermore, phenomena such as 
porosity and roughness of the particles as well as their shape can also be responsible for 
these differences. Nitrogen adsorption-desorption isotherms (Fig.6.3 a-c) highlight the 
microporosity of the catalysts. 
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Fig.6.3: Nitrogen adsorption-desorption isotherm for samples obtained using 
isopropanol (C-D) and  (c) butanol (E
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(a)
-F) in the synthesis, respectively. 
 
 
 
 
 ethanol (A-B), (b) 
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Large deviations of BET from other methods in powders with irregular shape particles 
and high surface roughness for two oxide nanoparticles systems have been reported[10]. 
In addition, XRD peak broadening depends not only on the crystallite size and 
diffractometer characteristics but also on the microstrain and defects of the analyzed 
crystals [11]. Therefore, the crystallite size so determined, should be considered as an 
estimation and not as an absolute value [12]. 
Regarding the visual appearance of the films, samples A, B, E and F (made via an 
aqueous sol-gel technique using ethanol and butanol, respectively) were transparent and 
homogeneous, whereas samples C and D as well as sample G, made by the non-aqueous 
sol-gel method were not homogeneous and particulate. Specifically, the cracks as well as 
the particulate nature of film G lead to light scattering and thus an opaque titania 
coating. 
SEM was employed to characterize the local surface morphology of the films and it can 
be seen that the stress developed during the preparation of the films, has been relieved 
through crack formation in all samples which show different texture depending on the 
solvent used (Fig.6.4). 
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Fig.6.4: SEM images of the surface morphology of thin film samples prepared by aqueous sol
and non-aqueous sol-gel (G) processes.   
 
It is well known that problems of crack formation can occur during drying, sintering or 
cooling of sol-gel products 
the drying step and to the presence of liquid in the pores during the evapo
-aqueous routes 
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[13]. In this case, it is reasonable to ascribe the cracking to 
 
-gel (A-F) 
ration of the 
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solvent. As a consequence of the fast drying, the spin coated solution undergoes a fast 
densification [14]. As the solvent evaporates the sol becomes more concentrated and 
hence the viscosity increases leading to the formation of a rigid netw
The latter shrinks further due to tension in the liquid balanced by compressive forces in 
the solid phase. In addition, the film is affected also by tension caused by the 
compressive stresses that it imposes on the rigid substrate. Sa
same solvent share a similar morphology. Although samples A, B and G are obtained 
through two different sol-
samples show similar cracks and some peeling off which is not pre
prepared using iPrOH or BuOH (sample C, D and E, F, respectively). In samples C and 
D, nonaligned domains are evident whereas samples E and F show cracks and a unique 
morphology in which an overlap of planes is evident. Apparently the diffe
influenced the densification in a different way and this may be the cause of  different 
surface morphologies shown in the SEM photographs with high magnification (Fig.6.5a
c). 
Fig.6.5: High magnification SEM images showing the influence 
morphology of samples A(a), C(
precursor ratio equal to 0.25 and as solvent ethanol, isopropanol and butanol, respectively.
 
Indeed, solvent composition as we
can affect densification and cracking 
samples D and F, synthesized using a higher amount of HNO
respectively a more packed structure and smaller defect sizes are evident, compared to 
samples C and E (domains in samples C, D and overlapping planes in samples E, F). 
In Table 6.2 the optical absorption edges determined by using the d
spectra (Fig.6.6) of the TiO
edges should be determined from transmission spectra on thin films, but reliable 
-aqueous routes 
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ork (gel
mples obtained using the 
gel methods, their surface morphology is analogous. These 
of synthesis solvent on the surface 
b) and E(c) prepared by aqueous sol-gel method using a HNO
ll as air moisture present during the coating process 
[15]. Further, the SEM images show that in 
3 in iPrOH and BuOH 
2 powder samples are reported (ideally, optical absorption 
 
-like state). 
sent in samples 
rent solvents 
-
 
3/Ti 
 
 
iffuse reflectance 
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measurements were not possible due to the inhomogeneous and scatterin
the films). 
Fig.6.6: Diffuse reflectance spectra of aqueous (
Sample B shows the highest value of absorption edge energy, comparable to the one of 
P25. For the remaining samples, the 
above the others. Among the synthesized catalysts, only the absorption edge of sample B 
is close to the value reported in literature for anatase (3.2eV). A red
absorption was observed for 
the band gap values can be ascribed to the presence of point/surface defects. Indeed, the 
thermal treatment produces Ti
formation of oxygen deficiency and hence to reduced oxides which affects the overall 
chemistry of the surface [16
and this is confirmed by the color of the powders that is grayish for all the home
samples, although XPS has not been used to confirm it 
samples however, might be ascribed also to organic remains. 
compared to the typical value of 3.2 eV for TiO
authors have experimented with doping of TiO
increase the absorption of visible and near
taken into account that the “apparent” band gap can also be the result of electronic 
transition from intragap localized levels up to the conduction band rather than real rigid 
-aqueous routes 
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A-F) and non-aqueous (G) sol-gel made powders.
 
non-aqueous prepared sample G has a value slightly 
all the other prepared samples. This apparent decrease of 
3+
 by removal of surface O2- anions. This leads to the 
]. The defects can be mainly recognized as oxygen vacancies 
[17]. The dark color of the 
A decrease of the band gap 
2 anatase is often aimed for. Many 
2 in order to achieve this, in order to 
-UV light [18-23]. However, 
 
g character of 
 
 
-shift in optical 
-made 
it should be 
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upwards shift of the valence band edge toward the conduction band. The main effect of 
these intragap localized levels is expected to be an increased recombination rate and a 
lower photocatalytic activity, rather than an increased electron-hole pair generation and a 
higher photocatalytic activity. This explains the worse performance of sample E with 
respect to P25, although they exhibit a similar surface area (see Table 1) and sample E 
shows a lower “apparent” band gap than P25.  
PL spectroscopy measurements were performed in an effort to estimate the number of 
photo-excited electron-hole pairs for all samples. However, no emission peaks were 
recorded and hence, it was not possible to investigate the recombination rate of electron-
hole pairs induced by the presence of defects in this way. Defects such as Ti interstitials 
and oxygen vacancies are believed to strongly affect the reactivity of the oxide surface, 
improving the photocatalytic performance [24, 25]. On the other hand, the presence of 
defects creates deep and shallow traps which can drastically influence the recombination 
of the electron-hole pairs. Therefore, a detailed picture of defects is one of the most 
crucial subjects in order to understand reactivity and materials performance in 
photocatalysis as well as in other applications. Future work should therefore include a 
detailed study of the diffusion length and life time of photogenerated electron-hole pairs, 
for example using photoconductivity measurements. Preliminary measurements in 
LumiLab on photoconductivity in TiO2 films by Marilena Bartic were, however, not 
successful.  
The photocatalytic measurements performed using ethanol as probe molecule in air 
reveal that samples made with EtOH are quite active when compared with films of 
Degussa P25 (see results in Table 6.2). In contrast, samples C and D, prepared using 
iPrOH show overall lower activity than EtOH and BuOH samples. For samples prepared 
using the same solvent, an increase of the activity can be observed with a decrease of the 
crystallite size.  
 
 
 
 
 
 
 
       Chapter 6                         Comparison between aqueous and non-aqueous routes 
 
 
133 
 
Table 6.2. Absorption edge energy and photocatalytic activity of the TiO2 catalysts 
 
Sample 
Absorption 
edge energy 
(eV) 
Photocatalytic 
activity ± 3σ a 
(ppm/min) 
% 4-NP 
degraded 
A 2.57 1.84 ± 0.14 60 
B 3.14 2.67 ± 0.05 55 
C 2.40 0.25 ± 0.01 25 
D 2.47 1.32 ± 0.10 45 
E 2.68 1.55 ± 0.13 40 
F 2.63 1.78 ± 0.14 25 
G 2.72 1.06 ± 0.07 45 
P25 3.28 3.44 ± 0.16 100 
a The results are reported with 99.7% confidence interval. 
 
This stresses the importance of crystallite size in controlling the photoreactivity of the 
catalysts since smaller crystallites offer a larger surface area and hence more sites for 
adsorption and photodegradation of the VOC. Sample G prepared by the non-aqueous 
sol-gel method has a larger crystallite size and thus shows a lower activity than samples 
A and B.  
The trend in the photocatalytic activities obtained in the photo-oxidation of ethanol in air 
(EtOH> BuOH> iPrOH) also reflects the difference in the apparent absorption edges. 
Indeed, sample C has the lowest absorption energy and lowest activity, while sample B 
couples high Eg with a high activity, just like the reference sample P25. The remainder 
samples occupy an intermediate position on both absorption and activity scales.  
The lower absorption edge energy, corresponding to a large number of trap levels in the 
forbidden energy gap, leads to an increased recombination rate and thus a shorter 
lifetime of the light-generated electron hole pairs. 
The trend in activity can also be related to the acid dissociation constant (pKa) of the 
solvents. The nature of the R group and above all its steric encumbrance in the alcohols, 
which are weak Brønsted bases and weak Brønsted acids, can significantly influence the 
basicity or acidity of the compound. The less the hindrance around the C-OH, the larger 
the number of H2O molecules which can take part in the dissolution and the higher the 
acidity of the solvent. This means that the more branched or longer the chain around the 
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C-OH is, the higher the pKa value of the compound. In line with these general rules, 
EtOH has a pKa of 15.9 as it has the shortest chain, followed in acidity by BuOH 
(pKa=16.1) with a longer chain and finally by iPrOH (pKa= 17.1), which is the only 
branched molecule. Hence the more branched chain present on the iPrOH makes it the 
less acidic solvent among the ones used in this study. The lower the pKa of an alcohol, 
the more stable is the conjugated base since the lower is the number of alkyl groups 
which are responsible for the destabilization of the negative charge. Assuming that the 
solvent is not only responsible for dissolving the colloidal particles produced during 
hydrolysis, but also takes part in the condensation step, it is possible to explain the 
obtained activities. A better interconnected inorganic network is obtained using EtOH 
since it presents a shorter alkyl group which could be more easily solvated by water 
molecules. This is then the reason why these films show a higher photocatalytic activity. 
An inferior network is obtained by using BuOH which presents a longer alkyl chain, 
followed by iPrOH in which the hindrance does not allow easy dissolution by water.  
In aqueous environment, the photocatalytic tests were performed using 4-nitrophenol as 
probe molecule, equation 3.34 was used to calculate the 4-NP photo-conversion. There 
was almost no degradation of pollutant (< 5%) under UV light irradiation in the absence 
of TiO2. A 100% breakdown of pollutant was successfully achieved after 20 h in the 
presence of the P25 Degussa sample. Among the other samples, the best performance 
(degradation ∼ 60%) was obtained by sample A and B, both prepared using EtOH as 
solvent. The degradation efficiency shown by samples D, E and G is higher than that of 
C and F, for which the concentration change is only about 25%. Also in the 
photodegradation of 4-NP, the samples made using EtOH as solvent performed better 
than the other samples. The same conclusions reached for photo-oxidation in air can be 
applied in the photo-conversion of 4-NP. Although there are substantial differences 
existing between the gas-solid and the liquid-solid system, there is no significant 
difference between the results obtained in air and water. Even if it is well known that 
degradation efficiency is lower in water than in air because the pollutant in water has 
less contact with the photocatalyst due to its slower diffusion [26] it has been observed a 
similar trend in both media in reference to the photocatalytic activity as a function of 
crystallite size and band gap energy.  
Therefore, a direct comparison between the photocatalytic tests carried out with two 
different pollutants in different systems is possible and in particular the acidity of the 
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solvent used in the sol-gel process stood out to be a very important parameter in 
determining the photocatalytic activity of films in both water and air. Furthermore, our 
study showed that the acidity of the sol influences the crystallites growth in films 
contrary to what occurs in powders. In addition, the crystallite size is crucial in the 
photodegradation of EtOH in air as well as in the photo-conversion of 4-NP in water 
solution. Consequently, the results obtained are in good agreement with what stated in 
[27], namely that specific surface area and crystallite size of powder TiO2 catalysts are 
very important in the photodegradation of 4-nitrophenol in liquid medium.  
 
6.3 Conclusions 
In this chapter, the degradation of 4-paranitrophenol and ethanol under UV light was 
investigated in water and air respectively. The photocatalysts used were TiO2 films 
prepared through aqueous sol-gel technique. The amount of hydrolysis catalyst used 
during the synthesis as well as the solvent used influences the crystallite size of anatase 
TiO2. The higher the amount of HNO3 the smaller the crystallite sizes and the higher the 
activity in the photo-oxidation of ethanol in air and the photo-conversion of p-
nitrophenol in water. Furthermore, the photocatalytic efficiency decreases with a 
decreasing absorption edge energy. This can be attributed to the presence of defects level 
responsible for a faster recombination of the electron-hole pairs and hence to their 
shorter life time. The most photocatalytically active films were synthesized using 
ethanol as solvent in both degradation of ethanol in air and 4-nitrophenol in aqueous 
solution. This is attributed to the smaller pKa and hence to the higher acidity of this 
solvent with respect to the other solvents  (BuOH and iPrOH) used in the aqueous sol-
gel method. The results stress the importance of acidity in the photocatalytic activity for 
both gas-solid and liquid-solid systems. Crystallite size is an essential parameter in both 
the solid-gaseous system and the solid-liquid one. 
The work presented in this chapter stresses the differences existing between films and 
powders. The considerable disagreement between certain results of the physical 
characterization is probably due to the cracked nature of the films which impedes the 
thickness determination as well as the estimation of the film surface area. Regarding the 
difference between XRD and BET results determined on powder samples, variables such 
as agglomeration and porosity, which are unlikely quantifiable, do not allow a complete 
understanding of the trends observed. 
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However, despite some of the results are not consistent when comparing films and 
powders and in spite of the fact that XRD and BET results hardly match, a general 
conclusion can be drawn that is, photocatalytic materials can be assumed to be 
universally applicable for both air and water purification. 
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Chapter 7 
Extension of TiO2 spectral sensitivity to 
visible light following rare-earth doping 
 
This chapter reports on doped TiO2 films prepared using the aqueous sol-gel technique 
that led to the best catalyst performance discussed in detail in chapter 6. As we have 
already seen, most of the work carried out in the last years regarding TiO2 has mainly 
been aimed at the extension of the spectral sensitivity of titania and in general terms at 
the achievement of photocatalysts activated with visible light. Up to this point we have 
seen the results of modification of TiO2 by addition of transition metal ions (chapters 4 
and 5) which contributes to the drop of the electron-hole pairs recombination and results 
in the shift toward the visible region of the photo-response by introducing additional 
electronic levels in the energy gap of titania or shifting the entire band gap to lower 
energies. Rare earth elements having unfilled 4f and 5d shells are specially suitable for 
optical applications such as optical amplifiers, phosphor-based lamps and displays. The 
lanthanide ions generally show quantum yield, which is directly related to the 
luminescence lifetime, high in inorganic compounds like crystals and glasses. On the 
other hand, regarding the processability and costs, organic materials show significant 
advantages over inorganic materials. This is one of the reasons which have led to the 
development of hybrid (inorganic-organic) systems doped with lanthanide complexes 
[1]. 
Furthermore, it has been reported that lanthanide ions form complexes with various 
Lewis bases among which amines, aldehydes, alcohols and thiols as a result of the 
interaction of the functional groups with the lanthanide f-orbitals. The lanthanide ions 
will form complexation  on the inner-sphere surface with RE-O-Ti bond, that in turn, not 
only inhibits the transformation from anatase to rutile but will also enhance the ability to 
absorb foreign ions [2]. 
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 This ability of lanthanides to concentrate the organic pollutants at the semiconductor 
surface has led numerous researchers to focus on a potential route to improve the activity 
of titania: incorporation of lanthanide ions in the TiO2 matrix. Li et al. [3] investigated 
the effect of lanthanum doping into TiO2 on the adsorption capacity and the adsorption 
equilibrium constants in the photocatalytic oxidation of 2-mercaptobenzothiazole (MBT) 
in aqueous suspensions for odor control. They found out that La doping bestowed on the 
photocatalysts a higher thermal stability because the dopant inhibits the phase 
transformation from amorphous to anatase and similarly the phase transformation from 
anatase to rutile. Moreover, the lanthanum doping hinders the increase of the crystallite 
size. The authors ascribed the enhancement of the activity of the catalysts to an 
improved adsorption of organic pollutant (maybe through the formation of Lewis 
acid/base complexes between La3+ and -SH groups) and a better separation of electron-
hole pairs. The same authors reported [4] an analogous study on Ce3+-TiO2 catalysts. In 
this instance, the authors proposed the formation of two sub-energy levels in the Ce 
doped catalysts to explain the inhibition of the recombination of electron-hole pairs and 
therefore to account for the enhanced photocatalytic activity. The photocatalytic activity 
of Ce doped titania was also reported with regard to the photodegradation of phenol in 
water [5-6]. De La Cruz et al. [5] compared the performance of Ce doped TiO2 with the 
one of La, Nd and Pr doped titania. Their results show that only Ce doped TiO2 
performed better than the reference (P25 Degussa) and that the optimum content of 
dopants is different for different dopants. In the bargain, different experimental 
behaviors have been observed for the same dopant in the photodegradation of the same 
pollutant by different authors. To be more precise in [5] and [6], two different cerium 
optimum contents are proposed even though both groups have studied the photocatalytic 
performances in the degradation of phenol in aqueous media.  
Many other manuscripts in literature refer to the photocatalytic activities of rare earth 
metal ion doped TiO2 in the degradation of dyes such as methyl orange [7-8], 
Rhodamine B [9-12], Acidic Black 10B [13], reactive brilliant red X-3B [12,14,15] and 
Direct Blue 53 [16]. To conclude, it has been proven that “doping” with lanthanides is a 
successful way to enhance the activity, however, up till now, visible light photocatalysis 
using lanthanides doped TiO2 in the photodegradation of volatile organic pollutants in 
the gas phase was seldom studied. Indeed, for all the knowledge gained during the work 
behind this thesis, the only manuscript referring to the use of RE ions doped titania for 
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oxidation of pollutants in air, is the one of Lin et al. [17] in which the authors reported 
on the preparation of 3 mixtures of TiO2 with La2O3, Y2O3 and CeO2 respectively, 
whose activities were determined in the oxidation of acetone in air.  
Besides the lack of references on gas phase photocatalytic degradation using rare earth 
doped TiO2, it should be stressed that from the data reported in literature, we can only 
“compare” the behavior of photocatalysts obtained by different synthetic routes and 
tested in different conditions. Nevertheless, we have seen in chapter 6 that a comparison 
among activities determined in different conditions is not always possible. That is why 
in this chapter a systematic study of the photocatalytic properties and activity of titania 
doped with rare earth ions of different 4f electron configurations will be presented. 
Indeed, it is reported [6] that doping with some RE ions may be detrimental for the 
photocatalytic performance of TiO2. Therefore, in this chapter we will attempt to provide 
a detailed investigation of a series of RE metal ions (La, Ce, Eu, Ho, Dy, Nd, Gd, and 
Sm) doped TiO2 in 3 different contents (1, 2 and 3wt.%) by the sol-gel method.   
 
7.1 Preparation procedure 
For the preparation of RE doped TiO2 sols the following chemicals were used: titanium 
(IV) isopropoxide (TTIP; ≥ 97%, Alfa Aesar), ethanol (EtOH; HPLC grade, Alfa Aesar), 
neodymium (III) nitrate hexahydrate (99.9%, Alfa Aesar), holmium (III) nitrate 
pentahydrate (Reacton® 99.9%, Alfa Aesar), cerium(III) nitrate hexahydrate (Reacton® 
99.5%, Alfa Aesar), gadolinium (III) nitrate hydrate (99.9% (REO), Alfa Aesar), 
samarium (III) nitrate hexahydrate (99.9% (REO), Alfa Aesar), dysprosium (III) nitrate 
pentahydrate (99.9% (REO), Alfa Aesar), lanthanum (III) nitrate hexahydrate (99.9% 
(REO), Alfa Aesar), home-made europium nitrate [18] and acetic acid glacial (99%  
Aldrich). The RE doped samples were synthesized through the aqueous sol-gel 
technique which led to the best photocatalytic performance discussed in detail in Chapter 
6 (i.e. ethanol has been used as solvent and a HNO3/Ti precursor ratio equal to 0.5 has 
been chosen). The samples of different metal-ion-doped TiO2 were labeled as TMZ 
where T and M indicate TiO2 and the metal ion, respectively and Z represents the 
loading of metal ions. For example, TDy2 represents Dy3+ -doped TiO2 containing 
2wt.% Dy3+.  
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To determine the best film preparation conditions, the influence of a different number of 
undoped TiO2 layers was evaluated upon activity and the results are reported in Table 
7.1. 
 
Table 7.1. PA of undoped TiO2 photocatalysts as a function of the number of layers 
Sample n° of layers    PA ± 3σa  
under UV+vis 
A 2 3.70  ±  0.10 
B 3 3.78  ±  0.06 
C 4 2.67  ±  0.05 
P25 4 3.44 ±  0.16 
                               a The results are reported with 99.7% confidence interval. 
 
It can be seen that doubly and triply coated undoped TiO2  films, calcined at 450°C for 
2h, are highly active, under UV+visible illumination, if compared with TiO2 films, 
prepared by spin coating, from Degussa P25. Therefore, the RE doped TiO2 catalysts 
were prepared depositing 3 layers by spin coating and they were fired at 450°C for 2 
hours. 
 
7.2 Results 
On the grounds that 8 series of RE doped TiO2 photocatalysts were prepared and that 
each sample was widely characterized through different techniques, we will deal with 
the different characterization techniques used separately. First of all we have to take 
account of one fact lanthanide ions have in common, that is the ionic radius. Indeed, 
their ionic radii are much larger than that of Ti4+ (∼68pm) therefore, although their 
incorporation occurs in the lattice of TiO2, it is less likely that the lanthanide ions replace 
Ti4+. Table 2 lists all the RE samples prepared together with some film properties such 
as crystallite sizes and lattice parameters (as determined from XRD performed on thin 
films), apparent band gap energies (determined from DRS on powders) and 
photocatalytic activities obtained under UV+Vis and Visible only irradiation. 
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Table 7.2. Properties of the  undoped TiO2, the RE doped ones and the P25 reference. 
 
Sample 
Dopant 
content 
(wt.%) 
 
d 
(nm)** 
Lattice parametersa 
a(Å)          c(Å) 
Band gap 
energy† 
(eV) 
PA±3σb 
under   
UV+vis 
PA±3σb 
under  
Vis 
TiO2 − 62   3.7883         9.6830  3.21 3.78±0.06 0.15±0.05 
P25 
− 
25 
      −                 − − 
3.44±0.16 0.21±0.07 
TLa1 1 71   3.7860         9.6965 3.16 2.79±0.09 0.66±0.07 
TLa2 2 59   3.7892         9.6825 3.13 2.02±0.07 0.25±0.06 
TLa3 3 61   3.7833         9.6897 3.26 2.29±0.18 0.50±0.06 
TCe1 
TCe2 
TCe3 
   TNd1 
   TNd2 
   TNd3 
   TSm1 
   TSm2 
   TSm3 
   TEu1 
   TEu2 
   TEu3 
   TGd1 
   TGd2 
   TGd3 
   TDy1 
   TDy2 
   TDy3 
   THo1 
   THo2 
   THo3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
50 
78 
49 
36 
27 
18 
31 
34 
26 
33 
34 
41 
35 
45 
42 
39 
29 
33 
39 
46 
36 
  3.7857         9.6462 
  3.7879         9.6567 
  3.789           9.6818 
  3.7895         9.6557 
  3.7875         9.6165 
  3.7971         9.3716 
  3.7939         9.6613 
  3.7930         9.6973 
  3.7972         9.6423 
  3.7913         9.5539 
  3.7871         9.6718 
  3.7878         9.6766 
  3.7879          9.6922 
  3.793            9.6136 
  3.7913          9.5539 
  3.7854          9.8301 
  3.7854          9.9423 
  3.7978          9.7099 
  3.7936          9.7577 
  3.7930          9.7474 
  3.7946          9.7296 
2.49 
2.36 
3.70 
3.13 
2.84 
3.54 
0.89 
2.05 
3.32 
2.59 
2.28 
2.76 
2.25 
2.29 
3.00 
2.47 
2.49 
2.57 
2.47 
2.72 
2.21 
1.88±0.20 
1.98±0.06 
1.01±0.11 
0.96±0.01 
1.55±0.09 
2.13±0.23 
1.97±0.09 
1.88±0.08 
1.85±0.15 
2.77±0.21 
2.89±0.17 
4.27±0.27 
1.46±0.08 
2.02±0.12 
2.23±0.29 
2.26±0.27 
0.65±0.12 
0.69±0.12 
2.65±0.29 
1.83±0.09 
1.41±0.05 
0.35±0.02 
0.51±0.11 
0.28±0.04 
0.66±0.06 
0.35±0.06 
0.30±0.02 
0.25±0.05 
0.27±0.03 
0.38±0.03 
0.81±0.19 
0.49±0.02 
0.33±0.08 
0.39±0.03 
0.39±0.04 
0.49±0.02 
0.60±0.15 
0.25±0.03 
0.34±0.06 
0.52±0.05 
0.51±0.11 
0.27±0.04 
** Crystallite sizes d are calculated from XRD peak widths 
a The lattice parameters are calculated from XRD data 
   † Band gap energy obtained from DRS measurements 
b The results are reported with 99.7% confidence interval. 
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Before discussing the results obtained for each characterization technique, it is worth 
noting that it was not possible to use 
determine the thickness of the films because the catalysts were not transparent mainly 
due to the presence of cracks.
 
7.2.1 XRD 
Lanthanum, widely used to produce catalysers and to polish glass, usually exi
trivalent ion (La3+) which forms ionic bonds with ligands containing an oxygen or 
nitrogen donor atom.  
The XRD patterns of the La doped TiO
the anatase TiO2 crystalline phase. The width of the peaks became larger as the 
lanthanum content increases from 1 to 2 wt.% however, there is no significant change 
between the width of TLa2 and TLa3. This means that the size of the TiO
decreased with increasing of lanthanum content from 1 to 2wt% although a further 
increase of La loading does not affect the crystallite size. The decrease in crystallite size 
might be due to the presence of Ti
and hence inhibits the growth of crystal grains [19]. 
Fig. 7.1 XRD patterns of La doped TiO
card no. 21-1272) are indicated (black line).
 
From the data reported in Table 7.2 it can be seen that an additional amount of La in 
TLa3, does not lead to a further decrease in crystallite size. This means that a higher 
2 spectral sensitivity to visible light following rare-earth doping
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ellipsometry or spectrophotometry measurements to 
 
2 films (Fig. 7.1) show only peaks belonging to 
-O-La bond which prevents the aggregation of grains 
 
2 films. The reference diffraction peaks of anatase phase (ICDD 
 
 
sts as a 
2 nanoparticles 
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loading of lanthanum does not create more Ti
the coalescence of smaller grains, that is why the crystallite size for TLa2 and TLa3 are 
nearly the same. Moreover, Table 7.2 shows that the cell parameters “a” and “c” of the 
La doped samples did not widely change as a result of the La content increas
Cerium which is the most abundant of the rare earth elements and whose commercial 
applications are countless, has a variable electronic structure. Indeed, the inner 4f level 
possesses the same energy as the outer or valence electrons. Consequently, o
energy, arising from changes of pressure or temperature, is required to change the 
relative occupancy of these electronic levels and it leads to dual valency states. In 
particular, the valence changes between 3 and 4 following cooling down or co
The XRD patterns of cerium doped titania samples as shown in Fig.7.2 are mainly 
dominated by anatase. However, in the pattern of TCe2 the peak (111) belonging to 
cerium oxide appears.   
Fig. 7.2 XRD spectra of Ce doped TiO
belonging to anatase phase (ICDD card no. 21
 
TCe1 and 3, as can be seen in Table 7.2, exhibit a relatively small particles size 
compared with the undoped TiO
retarded the grain growth of TiO
[5]. However, TCe2 whose XRD pattern shows that a new crystal phase corresponding 
to CeO2  is formed, has an estim
TiO2 one. Table 7.2 shows that the lattice parameter “a” of titania in these mixtures is 
2 spectral sensitivity to visible light following rare-earth doping
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-O-La bonds which could further restri
2 films. The pattern displayed on top shows the diffraction peaks 
-1272). 
2 catalyst so that we can confirm that cerium doping 
2  during the heat treatment as reported by Caimei et al. 
ated grain size of 78nm which is larger than the undoped 
 
ct 
ing.  
nly little 
mpression.  
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rather similar to that of pure TiO
This does not mean that the bulky rare earth ions could have substituted Ti
ionic radius of Ce3+ (103.4pm) is much larger than the Ti
Neodymium is the second rare earth element for abundance and it usually exists as a 
trivalent ion in its compounds 
The XRD patterns for Nd3+
as shown in Fig.7.3. The relative intensity of the (101) peak decreases with the increase 
of Nd ion doping pointing out that neodymium doping acts as inhibitor of the phase 
transformations from amorphous to ana
Fig. 7.3 XRD patterns of Nd doped TiO
card no. 21-1272) are indicated (black line).
 
The results reported in Table 7.2 show that the crystallite
Nd3+ content indicating that neodymium doping impedes the increase of the crystallite 
size. From the data collected, it was determined that the lattice constant “c” decreases 
with the increase of the Nd
for TNd1 and 2 while it increases for TNd3. This is in agreement with the results 
reported by Shahmoradi et al. [20] although the doping of Nd
parameters larger than that of pure TiO
2 spectral sensitivity to visible light following rare-earth doping
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2, but there is a shrinking of “c” for TCe1 and TCe2. 
4+
 one (68 pm).
which are pale purple in color. 
 doped TiO2 showed only peaks belonging to anatase phase 
tase, leading to a higher thermal stability.  
2 films. The reference diffraction peaks of anatase phase (ICDD 
 
 size decreased with increasing 
3+
 content. The value of “a” remains essentially unchanged 
3+
 should make the lattice 
2 due to its larger ionic radius (99.5pm).
 
4+
 because the 
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Being a typical member of the lanthanide series, samarium usually exists as a trivalent 
ion, however, it exhibits also the oxidation state +2 in compounds such as the monoxide 
and samarium iodide.  
The XRD spectra of TSm1, 2
secondary phases related to Sm.
Fig. 7.4 XRD spectra of Sm doped TiO
belonging to anatase phase (ICDD card no. 21
 
Further the intensity of the peaks seems to be unaffected by the dopant content. 
Regarding the lattice parameters “a” and “c”, the former is bigger for the doped samples 
than for the undoped one, whereas there is a shrinking of “c” for TSm1 and 3 and an 
expansion for TSm2. The crystallite size of the Sm doped titania samples is much 
smaller than the pure TiO2
The europium divalent compounds are easily formed in spite of the other lanthanides 
whose compounds mainly contain RE ions with an oxidation state of +3. It
into the trivalent state as a result of oxidation in air. 
The XRD patterns of Eu-doped TiO
detected (Fig.7.5). Although the particle sizes of the doped catalysts are smaller than the 
one of undoped titania, no significant change is observed with the increase of the 
nominal content of europium. From the values given in Table 7.2 it is clear that there is 
not much change, except for TEu1, in the lattice parameter “a” with respect to pure TiO
however, “c” is smaller in all the europium doped samples.  
2 spectral sensitivity to visible light following rare-earth doping
149 
 and 3 shown in Fig.4 do not show any evidence of 
 
2 films. The pattern displayed on top shows the diffraction peaks 
-1272). 
 one.  
 
2 samples show that only the anatase phase has been 
 
 
 
 is converted 
2 
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Fig. 7.5 XRD patterns of Eu doped TiO
peaks of anatase phase (ICDD card no. 21
 
A similar trend in lattice parameters is observed for Gd
compounds, gadolinium mainly exists as trivalent ion and it produce colorless salts. 
Fig. 7.6 XRD spectra of Gd doped TiO
belonging to anatase phase (ICDD card no. 21
Fig. 7.6 shows the XRD patterns of the samples derived from gadolinium doping. The 
peaks which appear in the spectra also in this case are characteristic of the anatase phase 
2 spectral sensitivity to visible light following rare-earth doping
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2 films with different dopant content. The reference diffraction 
-1272) are indicated (black line). 
-doped titania catalysts. In 
2 films. The pattern displayed on top shows the
-1272) 
 
 
 
 
 
 diffraction peaks 
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only. Slight narrowing of peak (101) for TGd2 and 3 indicates a slight increase of 
crystallite sizes. 
Dysprosium is one of the more abundant lanthanide elements and the applications of its 
brightly coloured salts range from sources of infrared radiation for studying
reactions to nuclear reactor control rods. The XRD patterns of the Dy
in Fig.7.7 reveal that the anatase phase is the only constituent of the photocatalysts. With 
the increase of Dy content in TDy2 a slight broadening of the peak
indicating a decrease in size which however, does not go further with an additional 
increase of dopant loading. 
Fig. 7.7 XRD patterns of Dy doped TiO
card no. 21-1272) are indicated (black line).
 
The lattice parameters turned out to be really affected by Dy doping as can be seen in 
Table 7.2 and in particular, the value of “c” increases sig
Ho doped titania samples exhibit the same trend, that is an increase of “a” and “c”. 
Trivalent holmium ions compounds have fluorescent properties as well as many other 
rare earth ions, and find their major use in the field of laser and glass colorant. Holm
oxide changes its color depending on the lighting conditions and in particular, under 
daylight, it is tannish yellow whereas under trichromatic light it is orange reddish. The 
sharp emission bands of Ho (III) oxide make it act as phosphors. Further, ho
used to create the strongest artificially generated magnetic fields due to fact that it 
exhibits the highest magnetic strength of any element. In Fig.7.8 the XRD patterns of Ho 
2 spectral sensitivity to visible light following rare-earth doping
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-doped TiO
 (101) is observed 
 
2 films. The reference diffraction peaks of anatase phase (ICDD 
 
nificantly for TDy2.
 
 chemical 
2 shown 
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doped samples are shown and once again the peaks are only belonging to
phase. 
Fig. 7.8 XRD spectra of Ho doped TiO
peaks belonging to anatase phase (ICDD card no. 21
 
The general conclusion that can be drawn from the XRD results is linked
crystallite sizes which are lower for the lanthanide doped TiO
with the exception of TLa1 and TCe2. This shrinking of the particles size might be 
ascribed to the segregation of the dopant cations at the grain boundaries 
constriction of the direct contact among the grains and hence to the inhibition of the 
grain growth  as reported by El
which restricting the coalescence of some smaller neighboring g
all the RE doped samples calcined at 450
observed from XRD diffractograms. This may indicate that lanthanide oxides are well 
dispersed within the TiO2 
doping content.  
The effective ionic radii of lanthanide ions, as already mentioned, are larger than the 
TiO2 one therefore, any incorporation of a lanthanide ion in the titania lattice intro
a distorsion. For most of the RE doped TiO
changing, while “a” lingers nearly constant. This might indicate that RE ions are 
substituting for Ti4+ preferentially on the body and face centered lattice sites in the 
2 spectral sensitivity to visible light following rare-earth doping
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2 photocatalysts. The pattern displayed on top shows the diffraction 
-1272) 
2 than for the pure titania, 
-Bahy et al. [16] or to the presence of Ti
rains [19]. Further, for 
°C excepting TCe2 only anatase phase was 
phase or it might be ascribed to the rather low lanthanide ions 
2 samples, only the parameter “c” is 
 
 the anatase 
 
 to the 
which leads to a 
-O-RE ion bonds 
duces 
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anatase structure. In the cases where both lattice constants increase it can be speculated 
that RE ions are incorporated only substitutionally [21].
 
7.2.2 SEM 
As previously mentioned, the samples were rather cracked and not at all homogeneous. 
A confirmation of the patchy nature of the films is given by the SEM images (Fig.7.9
7.13). 
Fig. 7.9 SEM images of La doped TiO
Fig. 7.10 SEM surface morphology of (a) TCe1, (b) TCe2 and (c) TCe3
Fig. 7.11 SEM images of (a) TNd1, (b) TNd2 and (c) TNd3
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Fig. 7.12 SEM surface morphology of (a) TEu1, (b) TEu2 and (c) TEu3
Fig. 7.13 SEM surface morphology of (a) TDy1, (b) TDy2 and (c) TDy3
 
The SEM photographs of the RE doped TiO
peeling off of the films from the substrate. The lack of homogeneity however, cannot be 
ascribed to the addition of lanthanide ions because also the film made of pure TiO
can be seen in Fig.7.14, presents the sam
Fig. 7.14 SEM image of pure TiO
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2 photocatalysts show cracks as well as 
e kind of irregularities. 
2 film catalyst. 
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The crack formation can be due to several reasons among which the drying of porous 
material, the sintering during which the cracks develop from intrinsic defects and the 
cooling down where the cracking occurs as a result of the difference between the thermal 
expansion coefficients of the coated film and the substrate [22]. In  Chapter 8, a more 
complete description of the cracks formation will be provided together with details about 
the optimization of the spin-coating process performed throughout this dissertation and 
aimed at the achievement of crack-free films.  
 
7.2.3 DRS 
The UV-Vis absorption spectra of the modified titania  are shown in Fig.7.15 (a-h). Fig. 
7.15a shows the DRS spectra performed on La doped powder catalysts. Although the 
curve shape of the La doped films overlaps in the UV region of the spectrum, it can be 
seen that in the visible part of the spectrum the curves differentiate from each other. 
Indeed, the spectra of TLa3 and TLa1 show a broad peak in the range 400-800nm. No 
broad peak was observed in the DR spectrum of pure TiO2 and TLa2. Despite these 
differences in the visible region, the band gaps calculated by using Kubelka-Munk 
function are much alike and it stood out that lanthanum ions do not decrease the band 
gap of TiO2. However, the findings of the photocatalytic tests driven under visible light, 
reported in Table 7.2, stress the fact that the samples (TLa1 and TLa3) which show a 
broad peak in the visible region perform better than the one (TLa2) whose DR spectrum 
reveals no peak in the same region.  
The band gaps calculated for Ce-doped TiO2 turned out to play a crucial role in 
determining the photocatalytic activity of catalysts. As can be seen from results 
summarized in Table 7.2, TCe1 and TCe2, have a great advantage in decreasing the Eg 
of TiO2 and this has a pronounced effect on the e-/h+. Indeed the lower the band gap, the 
higher is the number of the charge carriers generated due to the higher optical absorption 
and hence, the higher is the photocatalytic activity. The large red shift identified for 
these modified samples compared to pure TiO2 may be attributed to the appearance of 
new electronic states in the middle of titania band gap, relative to the quite broad peaks 
observable in Fig.7.15b, so that the distance between the energy levels of the f electrons 
of the cerium ions and the CB or VB of TiO2 became narrower, yielding a visible-light 
absorption response. A totally different trend has been observed for TCe3 which induces 
a significant blue shift of the electronic absorption with respect to the undoped TiO2 and 
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this increase of the band gap was found to be detrimental for photocatalytic activity both 
under UV+Vis and visible only irradiation. According to the theoretical calculation 
reported by Yin et al. [23] band gap narrowing and broadening can also be the result of 
external pressure or lattice deformation. However, more enhanced lattice deformations 
are observed (Table 7.2) for TCe1 and TCe2 than for TCe3. Therefore, the increase in 
the band gap observed in TCe3 cannot be ascribed to any of the reasons above 
mentioned but rather to the Burstein-Moss effect [24] according to which, the lowest 
lying levels in the CB start to fill up with increasing doping concentration and this 
results in a shift of the absorption edge towards higher energies.  
The UV-Vis diffuse reflectance spectra for the Nd-doped TiO2 catalysts are presented in 
Fig. 7.15c. A red shift of the absorption edge toward the visible region was observed for 
TNd1 and 2 whereas for TNd3 a blue shift was observed. Despite the different trend in 
band gap, modification of TiO2 with Nd significantly affected the light absorption of the 
photocatalysts under visible light, as pointed out in Table 7.2. In this case, only for 
TNd2 which exhibits the lower band gap, a broad peak appears in the range 400-800 nm 
of the spectrum. 
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Fig. 7.15 DRS spectra of (a)La, (b)Ce, (c)Nd, (d)Sm, (e)Eu, (f)Gd, (g)Dy and (h)Ho
 
The DRS spectra of Sm-doped titania powders, presented in Fig. 7.15d, show a new 
absorption shoulder at about 400nm for TSm1 and TSm2, which can explain the better 
performance of the modified samples with respect to the undoped TiO
shoulder in the visible range is observed for TSm3, whose band gap besides is higher 
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than the pure TiO2, this sample outperforms the ones with a lower amount of Sm ions 
under visible irradiation.  The higher band gap of TSm3 with respect to the pure TiO2’s 
one is, beyond a shadow of a doubt, due to the lattice deformation occurred as 
demonstrated by the value of “c”. 
Fig. 7.15e presents the DRS spectra of Eu-doped titania which exhibit a red shift of the 
absorption edges toward the visible region. Contrarily to the findings reported by Pal et 
al. [25], we observed a shrinking of the crystal structure as can be seen from the 
estimated lattice parameters reported in Table 7.2. The red shift induced by Eu doping 
can be attributed to the charge-transfer transition between the rare-earth ion f electrons 
and the VB or CB of titania. 
From the DRS concerning Gd-doped titania and shown in Fig.7.15f, the apparent band 
gaps were estimated and in Table 7.2 it can be seen that the trend of red shift is as 
follow: TGd3 < TGd2 < TGd1, however, the DRS results are not totally consistent with 
the trend of photocatalytic activity observed under visible light.  
The results obtained from DRS for Dy and Ho-doped TiO2 are shown in Fig.7.15 g and 
h, respectively. In both series, the onset of the absorption spectra of the 3wt.% RE doped 
is shifted towards higher wavelength than the 1wt.% doped sample, whose band gap in 
turn is lower than the 2wt.% RE doped samples. Furthermore, the DRS spectra for Ho 
doped titania powders show two sharp and well resolved peaks centered at about 450 
and 540nm as reported also by Shi et al. [7]. All of this aside, the DRS trend is not 
identified in the photocatalytic tests.  
Largely, in this study the DRS results do not allow to draw general conclusions 
applicable to photocatalytic performances, leading to deem that the photocatalytic 
behavior of a certain sample must be explained on the base of a combination of 
parameters rather than considering only the data collected by means of one 
characterization technique. Further, as previously discussed (chapter 3) the determined 
band gaps are mainly indicating absorption onsets rather than real transitions between 
valence and conduction band. 
 
7.2.4 PL 
As previously mentioned, RE ions doping enables to tailor the optical properties of the 
host by sensitizing it [26]. PL spectrometry has been used to investigate the 
photocatalytic mechanism of RE doped TiO2 samples in the form of powders because 
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the films did not give rise to any emission peak probably due to the very small
of product immobilized on the glass substrates, corresponding to a very low optical 
absorption by the dopants. Further, it must be pointed out that lanthanum, cerium and 
gadolinium doped titania did not yield to any PL signal although the PL measur
parameters were optimized for maximum sensitivity in the relevant wavelength range.
 Fig.7.16 depicts the PL spectra obtained upon the excitation at 345nm at RT of Nd
doped titania powders, showing several well
with Nd3+. In particular, emissions at 913, 1093 and 1382 nm were observed from the 
transitions of 4F3/2→ 4I9/2, 4
presence of Nd3+ in TiO2 host. The luminescence intensity cannot be directly correlated 
with the photocatalytic activity because as can be seen in Fig.7.16, for each emission 
line a different sample shows the highest intensity. Taking into account the limits of 
error, the intensity of the 3 different samples appears similar, meaning that the number 
of optically active centers in the different samples is about the same. 
Fig. 7.16 NIR spectra obtained by monitoring the excitation at 345nm of
 
Upon excitation above the TiO
emission lines were detected (Fig.7.17). The multiplets are related to the transitions from 
the 4G5/2 state to 6H5/2 (at 584nm), 
nm). The presence of such sharp emission lines clearly indicates that Sm
incorporated in the TiO2 matrix. 
2 spectral sensitivity to visible light following rare-earth doping
159 
-resolved NIR emission lines associated 
F3/2→ 4I11/2 and 4F3/2→ 4I13/2, respectively which indicates the 
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2 band gap at 355nm at RT, intense resolved Sm
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Fig. 7.17 Emission spectra of Sm doped TiO
 
PL spectra of Eu doped TiO
depicted in Fig.7.18. The emission spectra present emission lines arising from radiative 
relaxations from 5D0 level to the low
579, 592, 613and 654 nm respectively. 
Fig. 7.18 Emission spectra of Eu doped TiO
 
In particular, the spectra present bands rather than lines and this suggests that Eu
are embedded in distorted crystal field environments [26]. However, it must be pointed 
out that even in a distorted environment, the emission bands expected for Eu
narrower than the ones recorded and shown in Fig. 7.18. Therefore, the evi
2 spectral sensitivity to visible light following rare-earth doping
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the emission bands must be ascribed to the measure parameter rather than to an extreme 
distortion of the environment in which europium (III) is embedded. Indeed, the 
measurements were performed with very wide slits on the emission side in ord
maximize the sensitivity of the analysis and this had led to a broadening of the bands. 
A dramatic decrease in PL intensity was observed with the increase of europium loading 
from 2wt.% to 3wt.% and specifically, the PL spectrum of TEu3 does not rev
characteristic peaks of Eu
lower PL intensity of TEu3 might be ascribed to a too high amount of europium ions 
which can interact with each other leading to an undesired quenching. The trend in PL
intensity for Eu-doped titania powders is consistent with the results obtained in the 
photocatalytic tests performed under visible light and listed in table 7.2.
Fig. 7.19 depicts the PL spectra of Dy
by λ=390nm. The shape of the observed luminescence bands (rather than lines) is 
similar, however their intensities differ from each other. The emission peaks at 484, 577 
and 665nm, are due to the transitions from the excited energy level 
6H13/2 (yellow) and 6H15/2 (red).
Fig. 7.19 Emission spectra of Dy doped TiO
 
Based on DRS, as for the previous RE dopants investigated, the trend in PL intensity is 
related to the color of the powders analyzed since this is indeed a measure of 
Fig.7.20 shows the PL spectra of Ho doped titania powders. They exhibit a series of 
quite well resolved peaks which however, are not all attributable to Ho
2 spectral sensitivity to visible light following rare-earth doping
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two bands around 550 and 660nm can be assigned to the transitions 
5F5→5I8, respectively. However, their shape leads to think that they are given by an 
overlap with characteristic emission lines of  Dy
as a contamination in the sample.
Fig. 7.20 Emission spectra of Ho 
 
Even if PL analysis also reflects upon the presence of dopants, for samples made with 
the same dopant in different contents, it was not possible to ascribe the better or worse 
photocatalytic performance to the intensity of the PL dopant
 
7.2.5 XPS
 
To determine the actual composition and chemical states of dopants in the samples, XPS 
spectra were recorded and the binding energies for XPS photolines of the RE doped 
TiO2 samples after 40 sec of sputtering and referenced to C1s at 284.6 eV are listed in 
Table 7.3.  
In terms of the Ti2p XPS spectra, which are not shown, the spin orbit components (2p
and 2p3/2), corresponding to Ti
464.0 and 458.5 eV [27]. The difference in BE between the spin orbit components of the 
Ti2p peak is about 6 eV and this is a confirmation that the photolines are ascribable 
without a doubt to Ti4+ [28, 29
all the doped samples for except TLa1, whose spectrum showed the presence of another 
titanium species ascribable to a mixed
2 spectral sensitivity to visible light following rare-earth doping
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Table 7.3. Binding energies of XPS photolines of RE doped film catalysts. 
 
sample 
Ti2p 
BE(eV) 
 
O1s   
BE(eV) 
RE dopant 
BE (eV) 
TLa1 458.91 
456.81 
463.81 
     - 
530.65 835.70 852.54 
TLa2 457.94 463.80 530.64 835.65 852.45 
TLa3 457.88 463.75 530.43 835.48 852.21 
TCe1 458.46  464.14 529.76 881.08 
886.32 
900.86 
905.91 
TCe2 458.30  464.24 531.00 881.45 
886.57 
901.66 
905.76 
TCe3 457.97  463.79 530.82 882.50 
886.79 
900.86 
905.42 
TNd1 457.89  463.73 530.53 994.84   
TNd2 457.94  463.77 530.65 983.63 995.14 
TNd3 458.03  463.87 530.70 983.83 995.12 
TSm1 457.94  463.74 530.77 132.10 136.65 
TSm2 458.20  464.03 530.73 131.12 135.79 
TSm3 457.96  463.80 530.57 131.31 136.27 
TEu1 457.71  463.48 530.41 128.80 133.45 
TEu2 457.63  463.43 530.47 128.78 133.55 
TEu3 457.63  463.46 530.42 127.84 
129.57 
133.64 
     ̶   
TGd1 458.24  464.09 530.89 142.67 147.29 
TGd2 458.21  463.87 529.69 ̶ ̶ 
TGd3 457.69  463.5 530.41 141.31 
143.27 
147.52 
153.09 
TDy1 457.84  463.65 530.61 153.42 156.83 
TDy2 457.96  463.78 530.77 153.48 156.56 
TDy3 457.64  463.50 530.40 153.82 156.52 
THo1 458.07  463.94 530.72 153.01 162.70* 
THo2 458.12  463.93 530.92 153.25 162.84* 
THo3 458.19  463.99 530.78 152.91 162.41* 
* XPS Photolines belonging to Dy have been also detected 
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The O1s XPS spectra which are not shown, exhibited a rather sharp and symmetrical 
peak indicating that there was only one chemical state whose binding energy is reported 
in Table 7.3. In particular, deconvolution of the O1s spectra yielded mainly a peak 
consistent with O2- ions of titania (∼531eV) [29]. The Ti-O bonds in TiO2 as well as OH 
groups on the surface of the photocatalysts are responsible for this peak. The only 
samples that exhibited a signal at another binding energy, that is 529.7eV, were TCe1 
and TGd2, indicating OH- species.  
As can be seen from Table 7.3, RE doping has been successful because the peaks 
distinctive of the RE ions have been recorded. XPS analysis of La doped TiO2 samples 
showed that La species exist in one oxidation state, namely La3+. Indeed, the spin-orbit 
split doublets centered at 835 and 852eV represent the La 3d5/2 and La3d3/2 respectively 
[30] (Fig.7.21a). The peaks at 881 and 886 eV and those at 901 and 906 eV shown in 
Fig.7.21b and representing respectively the Ce 3d5/2 and Ce3d3/2 spin-orbit split doublets, 
are indicative of Ce3+[31]. The Nd 3d orbital splits as well into Nd 3d5/2 and 3d3/2 with 
binding energies located at 982.7 and 1004.8 eV, respectively [32] (Fig.7.21c). The 
values regarding Nd doped samples obtained from XPS analysis and reported in table 
7.3 are only relative to the spin-orbit split doublet Nd 3d5/2. The other spin-orbit split 
doublet is in proximity of the boundary of the spectra and it was not possible to fit it. 
However, the data obtained from the binding energy of Nd 3d5/2 let us assert that 
neodymium is present in the catalyst in the form of Nd3+. The peaks of Sm4d (Fig.7.21d) 
are very weak and not well resolved, however as a result of the fitting the binding 
energies relative to this spin-orbit doublet have been found at 131 and 136eV. This 
suggests that the oxidation state of Sm in all the samarium-doped titania catalysts is +3 
[33]. If Sm 2+ would have been present, peaks in the 4d region at binding energy lower 
than 130eV would have been found but this is not the case.  
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Fig. 7.21 The XPS spectra of dopant photolines 
Gd4d, (g) Dy4d, (h) Ho4d. 
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(a) La3d, (b) Ce3d,(c) Nd3d, (d) 
 
 
Sm4d, (e) Eu4d, (f) 
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The XPS spectra of the Eu- 4d level showed a rather broad peak which appears clearly 
as 2 shoulders, at 129 and 133.5eV (Fig.7.21e). These binding energies are related to the 
doublet of  Eu4d5/2 and suggest the presence of europium in the oxidation state +3 [34]. 
The other peak derived from the 4d spin-orbit splitting, which should be located at ∼ 
142eV, does not appear in the spectra clearly enough to allow to perform its fitting. 
TEu3 contains besides trivalent Eu3+ions, divalent Eu2+ ions since a peak at 127.5 eV, 
concerning Eu2+4d5/2 has been detected. The binding energies of Gd4d5/2 and Gd4d3/2 at 
141 and 147eV are consistent with the presence of Gd3+. In particular, the XPS spectrum 
of TGd3 (Fig.7.21f) exhibits a quite broad multiplet structure which must be ascribed to 
the Gd4d-4f interaction rather than the presence of gadolinium in different oxidation 
states [35]. The binding energies of the doublet in the Dy 4d region are situated at 153.5 
and 156.5eV (Fig.7.21g) and they are associated with a Dy (III) species [36]. The core 
level 4d peak for holmium is observed at 162eV, suggesting the presence of Ho3+. 
However, it must be stressed that in the XPS spectra of Ho doped TiO2, peaks belonging 
to Dy3+ were observed (Fig.7.21h), consistent with the presence of Dy-related emission 
in the PL spectra of the TiO2:Ho samples.   
In order to establish if the amount of dopant loaded corresponds to the amount of doping 
ions detected through XPS analysis, the real element/Ti ratios were determined from the 
XPS results and they were compared with the nominal value of the ratio dopant/Ti that 
was obtained based on the input concentration of element vs. titanium. The results are 
listed in Table 7.4. In particular, through XPS has been possible to determine the real 
element/Ti ratio on the surface and after the depletion of a layer (by sputtering for 40sec) 
of about 4nm from the film surface.  
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Table 7.4. Nominal and real element/Ti ratios of the RE doped samples. 
 
 
sample 
Nominal 
value 
Element/Ti 
(at%/at%) 
Real ratio 
Element/Ti 
(at%/at%) 
Before 
sputtering 
Real ratio 
Element/Ti 
(at%/at%) 
After 
sputtering* 
TLa1 0.02 0.02 0.02 
TLa2 0.03 0.02 0.01 
TLa3 0.06 0.05 0.03 
TCe1 0.02 0.01 0.02 
TCe2 0.04 0.00a 0.01 
TCe3 0.06 0.02 0.04 
TNd1 0.02 0.02 0.02 
TNd2 0.04 0.02 0.02 
TNd3 0.06 0.02 0.02 
TSm1 0.03 0.02 0.02 
TSm2 0.06 0.02 0.03 
TSm3 0.07 0.03 0.04 
TEu1 0.02 0.00a 0.01 
TEu2 0.04 0.01 0.02 
TEu3 0.06 0.00a 0.02 
TGd1 0.03 0.01 0.01 
TGd2 0.04 - - 
TGd3 0.06 0.01 0.02 
TDy1 0.02 0.01 0.01 
TDy2 0.04 0.01 0.02 
TDy3 0.06 0.01 0.01 
THo1 0.02 0.0a 0.0a 
THo2 0.05 0.0a 0.01 
THo3 0.06 0.01 0.01 
         * after 40s sputtering 
               a The value is < 0.01 
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Such quantitative analysis of the composition allows to determine whether there is any 
deviation of the relative concentration of the elements. For TLa1 it can be seen that the 
La concentration in the titania matrix as well as on the surface corresponds to the 
nominal value of dopant loaded. However, as a result of the increase in dopant loading, a 
lower amount of lanthanum ions on the surface of the La doped catalysts and above all 
in the matrix is observed. An opposite trend is observed in cerium doped samples in 
which the content of cerium in the matrix overcomes the surface content. In particular, 
TCe2 is the sample with the lowest amount of cerium ions, followed by TCe1. Thus, 
TCe3 turned out to be the sample with the highest cerium content although the doping 
cannot be considered completely successful because the nominal concentration is higher 
than the real concentration detected. For Nd doped samples the increase of Nd ions 
loading does not have an effect on the real content of Nd detected in the titania samples 
since all the neodymium doped samples contain exactly the same amount of Nd on the 
surface and in the matrix. This means that it is not possible to “incorporate” a percentage 
of neodymium higher than 1wt.% in the TiO2 matrix. For Sm-doped catalysts the content 
of dopant on the surface and in the matrix coincides for TSm1, however, increasing the 
amount of samarium, the matrix proves to be more enriched in Sm ions than the surface 
although the real ratio Sm/Ti on the matrix does not correspond with the nominal value. 
For Eu doped TiO2 films the surface turned out to be hardly affected by the doping 
because the europium signal was so low that it can be considered null. Europium was 
instead detected in the matrix but also in this case the real element/Ti ratio does not 
reach the same value of the nominal one indicating that the “incorporation” of an higher 
amount of dopant is not reachable. The same trend with respect to the effect of increased 
doping on the surface and on the matrix, has been observed for Gd doped sample. Dy 
and Ho doped titania samples show a similar trend, that is a minimal incorporation of 
dopant even as a result of the increase of dopant loading. In particular, the content of 
holmium in THo1 is so low that the quantitative analysis could not provide any data. 
Although the concentrations determined are affected by a quite large error due to low 
signal to noise ratio and inherent difficulty in background subtraction, it can be 
concluded that the concentrations of RE dopants in the TiO2 host are typically lower 
than expected. In particular, no strong accumulation of dopant has been spotted at the 
surface and it emerged that the amount of dopant loaded has little effect on the final 
dopant concentration in the samples. 
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7.2.6 PA 
The photocatalytic activities of the RE doped TiO2 films, determined in the 
photodegradation of ethanol in air, are reported in Table 7.2. It can be observed that only 
La- and Ce-doped samples exhibit under both UV+ Vis and Visible irradiation only the 
same trend of performance. Indeed, in both conditions the trend was TLa1>TLa3>TLa2 
and TCe2>TCe1>TCe3, respectively. The best performance of TLa1 may be ascribed to 
a uniform distribution of lanthanum ions on the surface and in the matrix. Regarding Ce-
doped samples, the photocatalytic activity proves to be affected by the band gap and in 
particular, the lower the band gap, the better  is the performance of the catalyst.  With 
regard to Gd, Dy and Ho doped samples the photocatalytic activity trends obtained under 
UV+Vis irradiation is much alike the one acquired under visible light and in particular, 
TGd3, TDy1 and THo1 outperformed in the respective series they belong to. On the 
contrary, neodymium doped samples exhibit an opposite trend under the two types of 
irradiation (UV+Vis and visible only). Indeed, under UV+Vis TNd3 performed better 
than TNd2 which in turn outperformed TNd1. The best performance of TNd3 might be 
ascribe to the smaller crystallite sizes and hence, to a larger surface area. However, the 
trend obtained under UV+Vis light is not consistent with the one observed under Visible 
irradiation only, where TNd1 performed twice as good as TNd2 and TNd3. 
Unfortunately, in the light of the data recorded or determined it is not possible to explain 
why the trends are opposed. Inconsistency has been also observed in the trend of 
photocatalytic activity of samarium- and europium-doped samples, however, most of the 
performances cannot find an explanation based on the crystallite sizes, band gap values 
or other parameters determined through the characterization methods employed in this 
dissertation.  
 
7.3 Conclusions 
To remedy the major drawback of TiO2, that is its absorption of light with wavelength 
shorter than 380nm (UV), thin films were doped with ions showing  transitions in the 
visible region. La, Ce, Nd, Sm, Eu, Gd, Dy and Ho doped TiO2 sols were prepared 
through a sol-gel method previously discussed (Chapter 6). As a result of the 
investigation of the influence of rare earth-metal dopants in different contents (1, 2 and 
3% in weight,  respectively) on the photocatalytic activity of TiO2 using ethanol as VOC 
molecule, using both UV and visible illumination, a series of conclusions were drawn. 
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The addition of rare earth elements with 4f electron configuration, allows to obtain 
smaller crystallite sizes and  enhances significantly the photoresponse in the visible 
region of the sol-gel derived catalyst. Indeed, all the doped samples show a better 
performance with respect to undoped TiO2 under visible light. On the contrary, under 
UV+Vis irradiation the photocatalytic activity of the RE doped samples, with the 
exception of europium doped titania, was lower than the undoped one. Among the 
developed catalysts, the Eu doped titania has the greatest effect on the photocatalytic 
activity of TiO2 under both types of irradiation. In particular, the 3wt.%Eu doped 
catalyst performed twice as good as the undoped TiO2 under UV+Vis, whereas under 
visible light the 1wt.%Eu doped sample outperformed exhibiting a photocatalytic 
activity that is four times bigger than the one obtained with pure TiO2. The results 
obtained clearly show that RE doping is an effective means to improve the 
photocatalytic activity of titania with visible light, however, the trends observed  could 
not be fully understood in the light of the data obtained from the different methods 
employed to characterize the doped films and/or powders. Further studies must be 
carried on in order to understand which are the parameters really affecting the 
photocatalytic performances of the films under the two types of irradiation because 
mostly the trend of activity under UV+Vis was not consistent with the one obtained by 
the same doped films under visible light. 
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Chapter 8 
Determination of the relation between 
film thickness and photocatalytic activity 
 
This Chapter is mainly focused to the determination of a relation linking the thickness of 
the TiO2 films with the photocatalytic activity. Indeed, it is well known that the film 
thickness as well as the microstructure and morphology and the surface area of the film 
and also the number, lifetime and diffusion length of the free charge carriers are 
important factors which govern the photocatalytic activity. As previously said, the 
demand of using immobilized TiO2 films grows out of the major disadvantage of using 
TiO2 powders, namely, the need of additional and expensive post-treatment aimed at 
separation and recycling of titania from the treated water. Many methods such as 
solvothermal synthesis [1,2], electron beam evaporation [3], chemical vapor deposition 
[4], pulsed laser deposition [5], sputtering [6-10]  as well as sol-gel process [11, 13] have 
been used to immobilize titania on different solid substrates like stainless steel [14,15] 
and glass [16]. However, the properties of thin titania films may not be optimum for 
photocatalytic applications. Indeed, several factors which do not pose a problem in 
powders potentially limit the applicability of films for photocatalysis: 
• the smaller number of total active sites due to smaller amount of crystalline material 
coated on the support with respect to TiO2 disguised as powders 
• the impossibility of using all incident UV radiation due to the limited thickness of the 
films compared to the absorption depth of the light,  
• the detachment of the coated catalysts from the substrates and the onset of defects and 
cracks on the surface of the coated films,  
These factors have prompted the research to the development of optically clear, fracture 
and defects free and robust TiO2 films showing a high photocatalytic activity. Although 
the photocatalytic reactions are assumed to be fundamentally surface reactions, in 
literature a correlation, mostly proportional, between thickness and activity is observed 
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[17,18]. However, in some other cases an opposite trend has been observed [19]. The 
findings reported in literature are therefore, sometimes controversial, maybe due to the 
effect that many other factors besides thickness, such as grain size, the amount of 
crystalline material deposited on the support, surface chemical composition as well as 
surface area and porosity, have on the activity of immobilized photocatalysts. 
 This Chapter was mainly devoted to the achievement of homogeneous, transparent and 
crack free TiO2 films through an optimization of the sol-gel process, followed by an 
appropriate pre-treatment of the support and then the optimization of the spin-coating 
deposition conditions. The second goal of this Chapter was the determination of a 
correlation between thickness and photocatalytic activity. Indeed, if on the one hand the 
higher thickness leads to higher activities due to the larger amount of photogenerated 
electron and hole pairs transferred from the inside to the surface of TiO2 films, on the 
other hand the charge carriers have more chances to recombine in a thicker film. 
Whence the importance of determining the best film thickness to get the best 
performance. 
The thickness of the single and multilayer films, obtained by repeating the deposition 
technique, was determined by ellipsometry and UV-Vis spectroscopy and their 
photocatalytic activity was evaluated in the degradation of ethanol in air. The 
assumptions about the correlation between thickness and activity formulated using the 
films made with the sol-gel process described in detail in Chapter 6, have been 
confirmed by the results obtained with the sol-gel technique presented in Chapter 5 and 
were subject of Jana Ryckaert’s master thesis [20]. 
 
8.1 Defects and cracks on coated films 
Cracking of inorganic films immobilized on different types of support has been widely 
reported [21-25] and it is mostly attributed to the drying step, during which stresses 
develop as a result of the changes in pore sizes and by capillary forces arising from the 
solvent or water evaporation. To be more precise, the coating solution in the initial state 
(wet) of the film formation is a viscous liquid that undergoes densification as a result of 
the drying, during which the viscosity of the colloidal solution increases as a 
consequence of solvent evaporation. The evaporation of water or volatile organic 
components contained in the sol from the pores of the material leads to tension, 
disguised as capillary pressure in the liquid, that in turn results in the shrinking 
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perpendicularly to the substrate of the solid phase. This film contraction imposes 
compressive stresses on the support and it causes the onset of a considerable tensile 
stress in the film [26]. Cracks formed in the drying step, easily become wider during 
sintering where the difference in thermal expansion between film and substrate plays a 
crucial role in the cracks propagation. In particular, as a result of the thermal treatment, 
including the cooling, the tensile stress keeps on increasing until some release is 
provided by the thermal network relaxation or viscous flow. That said, it appears evident 
that the chemical precursor and in particular, the viscosity of the sol, plays a significant 
role in the crack formation. However, the above mentioned reasons are not the only 
causes of cracking of TiO2 layers since it has been reported that surface cleanliness of 
the substrate [27] as well as the air moisture present during coating [26] can also 
determine the onset of crack and defects.  
 
8.2 Preparation procedure and optimization deposition technique 
The sol-gel procedure reported in Chapter 6 and whose modifications aimed at 
producing RE doped TiO2 films have been reported in Chapter 7, has been used in the 
current Chapter to make undoped titania films pursuant to some adaptions. The synthesis 
involved the dilution of titanium precursor in ethanol, then the addition of AcAc and 
finally the addition of a solution of ethanol, deionized water and HNO3, respectively. 
The molar ratios of alcohol/TTIP, AcAc/TTIP, HNO3/TTIP and H2O/TTIP were 10, 1, 
0.5 and 1.5 respectively so that the optimum solution emerged in Chapter 6 has been 
used as starting point for this study. Since the above-mentioned sol-gel process led to 
non-homogeneous and cracked films, as can be seen in Fig. 6.4b (Chapter 6) a first 
attempt to get crack free and transparent films has been made by adjusting the deposition 
parameters (in Chapter 6 a speed equal to 2000rpm for 20sec deposition has been used) 
and keeping the calcinations conditions constant, that is, a preliminary heating up to 
80°C to enable the solvent evaporation after each deposition and after the achievement 
of the wanted number of coatings a final calcination at 450°C (heating rate 2°C/min) for 
2 hours. A series of 9 samples were prepared using 3 different deposition speeds (2000, 
4000 and 6000 rpm) and 3 different deposition times, namely 20, 40 and 60 sec. Prior to 
deposition of the first coating the substrate has been cleaned through a N2 flux.  
All the samples show cracks as can be seen in Fig. 9.1 (a-d), independently of the speed 
or deposition time used during the spin-coating.  
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Fig. 8.1 SEM images of films deposited at (a) 4000rpm for 20sec, (b) 3000rpm for 60sec, (c) 2000rpm for 
40sec and (d) 3000rpm for 40 sec
 
Further attempts have been made to get crack free films and first of all, the sol
process has been modified increasing the ethanol/TTIP molar ratio from 10 to 20, in 
order to decrease the viscosity of the sol which as previously said is one of the main
sources of defects and cracks on the films. Further, some trials have been made to clean 
the glass substrate in a more appropriate way. From these innumerable trials, it stood out 
that cleaning by an N2 flux is not sufficient and it must be followed by a 
EtOH and then acetone both spin coated at 3000 rpm for 10 sec. This way the substrate 
is completely free of possible dust that can develop defects and cracks in the drying or 
firing of the coated films. 
The calcination conditions were varied 
aimed at crystallizing the layers and used along all this dissertation, does not turned out 
to be a cause for crack formation. In other words, the heating and cooling in these firing 
conditions was gradual and 
cracks.  
The best film according to SEM analysis, kept as reference to make a series of TiO
films with increasing number of layers and hence, thickness was the one spun at 4000 
rpm for 40sec on glass previously cleaned with N
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too, however, the firing at 450
hence, did not provide such a stress in the film to originate 
2 flux, EtOH and acetone as described 
 
 
 
-gel 
 
deposition of 
°C for 2 hours 
2 
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before. Two images belonging to this sample are shown in Fig. 9.2 and clearly the 
surface is deprived of any cracks.
Fig.8.2 SEM images of the monolayer sample spun at 4000rpm for 40 
and made with the sol containing a molar ratio ethanol/TTIP equal to 20.
 
A series of TiO2 catalyst films with various thicknesses (from 1 to 14 layers) was 
prepared by repeating the above procedure. It must be stressed
subsequent coatings a complete firing at 450
study, it emerged that a calcination after each coating improves the photocatalytic 
activity without affecting the homogeneity and transparency of th
with different number of layers were labeled ad TaqX where Taq indicates TiO
by aqueous sol-gel technique and X is the number of layers of that specific sample.
 
8.2.1 Optimization of non-aqueous system
The non-aqueous sol-gel 
obtain crack free samples and the results of this study have been reported in [20]. The 
synthesis of the undoped TiO
ethanol (EtOH/TTIP=10), foll
molar ratio with respect with TTIP was kept at 0.3. In the last step of the process acetic 
acid was added. 
In order to get crack free films, the effect of different amounts of DEA and different 
molar ratios EtOH/TTIP on the morphology of the films was evaluated. The molar ratio 
DEA/TTIP was varied in the range 0.1
7.5 and then increased to 15 and 20, respectively. The best result were obtained with 
DEA/TTIP=0.2 and EtOH/TTIP=15 and 20. However, the series of catalyst films with 
increasing number of layers (referred as TNAX with TNA, meaning TiO
non-aqueous sol-gel and X, number of layers) to use to validate our results, was prepared 
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sec on a pre-treated glass substrate 
 
 that in between two 
°C was performed because from the current 
e films. The samples 
 
process presented in Chapter 5 has been also improved to 
2 sample implied the mixing of titanium precursor with 
owed by the addition of diethanolamine (DEA) whose 
-0.4 whereas the EtOH/TTIP one, was lowered to 
 
 
2 made 
 
2 obtained by 
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with a ratio EtOH/TTIP=20. Different spin coating parameters have been tried in order 
to find the best solution to get crack free films and 
using 4000rpm for 40sec therefore, these parameters were used to perform multiple 
deposition to get films with different thicknesses.
In Fig.8.3 two images are presented, one (Fig.8.3a) is referring to the undoped sample 
made with the process described in Chapter 5 and [28], whereas figure 8.3b represents a 
multilayer sample made with the optimiz
Fig.8.3 Photos of (a) sample made by the sol
the optimized sol-gel technique.
 
 
 
 
180 
a crack free film was obtained only 
 
ed sol-gel process. 
-gel process described in Chapter 5 and (b) sample made by 
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8.3 Results 
Two series of 14 films each have been prepared and all the films were 
XRD. The only peaks present in the patterns are the ones belonging to the anatase phase. 
As can be seen in Fig.8.4 the only diffraction peak present in the monolayer films, 
namely Taq1 and TNA1, respectively, is the one at 25.5
plane (101). By increasing the number of coatings, other diffraction peaks relative to 
anatase phase become evident. An increase in the intensity of the peaks is observed by 
increasing the thickness and this is due to the larger volume o
substrate in the thicker films.
Fig.8.4 XRD patterns of samples made with both sol
 
The optimization of the sol
allowed to obtain films with increasing number 
can be seen in Fig.8.5 which presents SEM photographs of some catalysts.
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-gel processes. 
-gel process and the deposition parameters performed 
of layers almost completely crack free as 
 
characterized by 
ing to the lattice 
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Fig.8.5 SEM surface morphology of (a) Taq1, (b) Taq2, (c)Taq4, (d)Taq6, (e) Taq8, (f)Taq14, (g)TNA1, 
(h) TNA6 (i)TNA9 
  
The SEM photographs of the photocatalysts show that the films are relatively uniform 
and there is nearly no change in the morphology after addition of other coatings. Few 
defects and cracks are detected. However, it must be stresses that these did not 
propagate, leading to a surface rather homogeneous and uniform with respect to the 
thickness. Indeed, no areas where the coating(s) peeled off have been observed, 
indicating that the optimization performed was successful.
An excellent surface quality and homog
appearance of interference fringes in the transmission spectra of the two series of 
samples shown in Fig.8.6 (a) and (b), respectively. From these fringes which are only 
occurring when the film surface is transparent
bulk of the film, the values of film thickness were determined as described in Chapter 3. 
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eneity of the films is confirmed by the 
 without much scattering/absorption in the 
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Fig.8.6 Transmission spectra of the series (a) TaqX and (b) TNAX
 
Unfortunately the thickness of the monolayer film has been not determined because the 
spectra did not show a sufficient number of suitable interference fringes. The thicknesses 
determined by means of UV
ellipsometry are listed in Table 8.1 along with the photocatalytic activity of the films 
under UV+Vis irradiation. 
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-Vis-NIR transmittance as well the ones estimated by 
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Table 8.1 Photocatalytic activity and thickness of the films 
 
Sample 
Thickness 
(nm) 
ellipsometry 
Thickness 
 (nm) 
Spectrophotometry 
Photocatalytc 
activity ± 3σb 
UV+Vis (ppm/min) 
Taq1 119 ̶ 0.60 ± 0.04 
Taq2 222 264 1.51 ± 0.22 
Taq3 305 380 1.87 ± 0.02 
Taq4 394 509 1.64 ± 0.03 
Taq5 474 482 1.72 ± 0.19 
Taq6 535 559 1.86 ± 0.08 
Taq7 622 653 1.95 ± 0.53 
Taq8 679 973 2.16 ± 0.08 
Taq9 773 1059 2.06 ± 0.20 
Taq10 ̶ 1146 2.37 ± 0.15 
Taq11 973 1284 2.53 ± 0.15 
Taq12 954 1349 2.61 ± 0.15 
Taq13 1105 1484 2.48 ± 0.12 
Taq14 ̶ ̶ 2.62 ± 0.25 
TNA1 123 ̶ 0.59 ± 0.08 
TNA2 222 208 1.36 ± 0.02 
TNA3 215 212 1.48 ± 0.01 
TNA4 323 284 1.14 ± 0.02 
TNA5 381 320 1.29 ±0.01 
TNA6 375 376 0.80 ± 0.01 
TNA7 514 449 1.28 ± 0.01 
TNA8 592 645 1.38 ± 0.01 
TNA9 585 577 1.46 ± 0.01 
TNA10 620 629 1.57 ± 0.03 
TNA11 859 922 1.49 ± 0.01 
TNA12 913 964 1.45 ± 0.01 
TNA13 954 964 1.77 ± 0.01 
TNA14 1059 945 1.56 ± 0.01 
b The PA (photocatalytic activity) results are reported with 99.7% confidence interval 
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As previously mentioned (Chapter 3) optical characterization methods, such as UV-Vis 
spectrophotometry and ellipsometry, are extremely important in analysis of coatings. 
They involve the modeling of the optical behavior of the sample through a set of 
parameters, belonging to an initial approximation, whose optimal values are determined 
by the minimization of a merit function. The latter represents a quantification of the 
agreement between experimental measurements and the data simulated through 
numerical techniques by the employed model. Although spectroscopic ellipsometry has 
been shown to be a very sensitive method that allows to detect ultra thin (< 5nm) layers 
more easily than other techniques, its typical problem is the multiplicity of solutions. 
Indeed, ellipsometry provides different combination of parameter values that minimize 
the merit function equally well. This can explain why the values of thickness obtained 
by ellipsometry measurements are not always consistent with the thicknesses determined 
by spectrophotometric measurements as can be seen in Table 8.1. Therefore, the 
thicknesses determined by spectrophotometry are assumed to be more meaningful 
because the mathematical model used to solve the transmittance spectra, as described in 
detail in Chapter 3, works with just a few adjustable parameters and above all it gives an 
univocal solution if a sufficient number of interference fringes is visible in the data.  
From the photocatalytic activity reported in Table 8.1 and plotted in Fig. 8.6 as a 
function of the thickness it can be seen that for the films made by aqueous sol-gel (series 
TaqX) the photocatalytic activity increases with the increase of film thickness. 
Although, the PA undergoes some highs and lows, it increases linearly with thickness, 
reaching its maximum with 12 layers (1349 nm), that is Taq12. In particular, the 
photocatalytic activity of TiO2 films in 1350nm-thickness is 1.7 times that of films in 
264 nm thickness. A similar trend in performances is given by the series of films made 
by the non-aqueous sol-gel process (TNAX) although the latter ones performed much 
worse than the aqueous-sol-gel derived films. 
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Fig.8.7 Photocatalytic activity of the series TaqX and TNAX as a function of the film thickness
 
From the plot of the photocatalytic activity versus thickness of the film, it can be seen 
that also with the series TNAX, the photocatalytic activity increases nearly linearly with 
the thickness. Although photocatalytic degradation is assumed to be merely 
reaction, the film thickness really affects the performance in the photodegradation as 
widely reported in literature. In particular, there are differing views on the thickness 
effect on the photocatalytic activity of titania films. Sure enough, som
30] asserted that after the film thickness comes to a certain threshold, no rise of 
photocatalytic activity is observed. However, in [31, 32, 33] divergent opinions are 
expressed. Černigoj et al. [31] reported that the photocatalytic act
increases with the film thickness and that the addition of surfactants into the sols does 
not affect the existing dependence between these two parameters. 
[32] on the other hand, showed that the porosity of the film
polyethylene glycol as surfactant,  plays a role in enhancing the photocatalytic activity of 
the films. For XRD amorphous TiO
K. Eufinger et al. [33] reported that an exponential f
photocatalytic activity on the film thickness with a “critical film thickness” of about 350 
nm, above which the dependence between PA and thickness becomes less strong. 
186 
ivity of the films 
Ramírez
s induced by the use of 
2 thin films deposited by d.c. magnetron sputtering, 
it describes the dependence of the 
 
 
 
surface 
e authors [17, 29, 
-Santos et al. 
 
      Chapter 8          Determination of the relation between film thickness and photocatalytic activity 
 
 
187 
 
In the present work, the achievement of a threshold cannot be excluded, especially 
considering the TaqX series whose thicker films (number of layers >8) do not show such 
enhancement in performance as a result of the thickness increase. Additional layers 
deposition would bring into focus this state of uncertainty however, the achievement of a 
threshold thickness must be expected. The existence of this threshold reported by [17, 
29, 30, 33] may be explained taking into account different factors that can intervene at 
the same time. First of all, the charge carriers generated deep inside the film have a 
higher probability to recombine because the migration length of the e-/h+ pairs to the 
surface of the catalyst is limited. Further, it must be taken into account that the thickness 
imposes a limiting factor on the photocatalytic activity since most of the incoming light 
is absorbed in the first few 100 nm of the film [33] therefore the absorption does not 
keep increasing as a consequence of the increase in thickness. Obviously, the latter 
effect is highly dependent on the wavelength of the excitation source: relatively long 
wavelengths (such as 365 nm), close to the 382 nm optical bandgap, have a quite large 
penetration depth into TiO2. On the other hand, the absorption coefficient of TiO2 for 
short wavelength UV (such as the 254 nm line of a low pressure mercury lamp) is much 
higher, and the penetration depth of this deep-UV is much lower. This wavelength 
dependence is probably partly responsible for the discrepancy of the published results on 
the ‘ideal’ or ‘limiting’ thickness of TiO2 films for photocatalysis.  
The linear dependence up to quite high values of thickness observed with both series 
(TaqX and TNAX) might be ascribed to the presence of small and numerous open pores 
that by interconnecting with each other, allow the VOC molecules to reach deeper areas 
of the film In addition, the porosity leads with respect to non-porous titania films to 
greater surface area and it may lead to greater number of radicals on the TiO2 coating 
and hence, to an improved photocatalytic activity.  
In summary, a linear dependence of activity on film thickness points to a good 
photocatalyst, with a diffusion length of charge carriers high and/or with such porosity 
that the pollutant gases can penetrate deep inside the film.  
The porosity can be easily estimated through the refractive index of the thin films, which 
in turn can be determined from optical transmission or ellipsometric measurements [34, 
35]. However, calculation of the film porosity from the refractive index can be only 
performed if second phases or dopant are not present in the film. Given that the samples 
belonging to series TNAX contain nitrogen deriving from the chelating agent used in the 
      Chapter 8          Determination of the relation between film thickness and photocatalytic activity 
 
 
188 
 
synthetic route,  the value of porosity obtained would not be meaningful or accurate. 
Further, it must be stressed that the rough estimation of the fraction of porosity so 
determined would not give any information about pore size and its distribution. 
Therefore, the use of other techniques such as ellipsometric porosimetry, which allow to 
determine all these parameters, would be useful to have a wider framework of the factors 
influencing the film activity. 
 
 
8.4 Conclusions 
In this study, a systematic preparation of photocatalytic TiO2 thin films was obtained. By 
optimizing two different sol-gel processes, described in detail in this dissertation, and the 
parameters of the spin coating deposition, two series of homogeneous and optically 
transparent films with growing thickness have been prepared. The photocatalytic activity 
of these transparent TiO2 films increases linearly with the increase of film thickness.  
The existence of such dependence, has been correlated with the presence of pores which 
allow the diffusion of reactants deeper in the films. 
 
 
 
 
 
 
 
 
 
 
 
 
      Chapter 8          Determination of the relation between film thickness and photocatalytic activity 
 
 
189 
 
References 
[1] R. C. Xie, J. K. Shang, Morphological control in solvothermal synthesis of titanium 
oxide, Journal of Materials Science 42 (2007) 6583-6589 
[2] S. Yin,  Y. Fujishiro, J. Wu, M. Aki, T. Sato, Synthesis and photocatalytic properties 
of fibrous titania by solvothermal reactions, Journal of Materials Processing Technology 
137 (2003) 45-48 
[3] S. H. Oh, D. J. Kim, S. H. Hahn, E. J. Kim, Comparison of optical and photocatalytic 
properties of TiO2 thin films prepared by electron-beam evaporation and sol-gel dip-
coating, Materials Letters 57 (2003) 4151-4155 
[4] K. L. Choy, Chemical vapour deposition of coatings, Progress in Materials Science 
48 (2003) 57-170 
[5] K. B. Dhanalakshmi, S. Anandan, J. Madhavan, P. Maruthamuthu, Photocatalytic 
degradation of phenol over TiO2 powder: the influence of peroxomonosulphate and 
peroxodisulphate on the reaction rate, Solar Energy Materials and Solar Cells 92 (2008) 
457-463 
[6] M. Kitano, M. Matsuoka, M. Ueshima, M. Anpo, Recent developments in titanium 
oxide-based photocatalysts, Applied Catalysis A: General 325 (2007) 1-14 
[7] K. Okimura, N. Maeda, A. Shibata, Characteristics of rutile TiO2 films prepared by 
magnetron sputtering at a low temperature, Thin Solid Films 281-282 (1996) 427-430 
[8] H. Poelman, H. Tomaszewski, D. Poelman, D. Depla, R. De Gryse, Effect of the 
oxygen deficiency of ceramic TiO2-x targets on the deposition of TiO2 thin films by DC 
magnetron sputtering, Surface and Interface Analysis 36 (2004) 1167- 1170 
[9] H. Poelman, K. Eufinger, D. Depla, D. Poelman, R. De Gryse, B.F. Sels, G.B. Marin 
G, Magnetron sputter deposition for catalyst synthesis, Applied Catalysis A: General  
325 (2007) 213-219 
[10] K. Eufinger, D. Poelman, H. Poelman, R. De Gryse, G. B. Marin, Effect of 
microstructure and crystallinity on the photocatalytic activity of TiO2 thin films 
deposited by dc magnetron sputtering, Journal of Physics D: Applied Physics 40 (2007) 
5232-5238 
[11] O. Carp, C. L. Huisman, A. Reller, photoinduced reactivity of titanium dioxide, 
Progress in Solid State Chemistry, 32 (2004) 33-177 
[12] N. Avci, P. F. Smet, H. Poelman, N. Van de Velde, K. de Buysser, I. Van 
Driessche, D. Poelman, Journal of Sol-gel Science and Technology, 52 (2009) 424-431 
      Chapter 8          Determination of the relation between film thickness and photocatalytic activity 
 
 
190 
 
[13] J. D. Wright, N. A. J. M. Sommerdijk, “Sol-gel materials: Chemistry and 
Applications”, CRC Press,  Boca Raton, 2001 
[14]  Y.J. Chen, D.D. Dionysiou, TiO2 photocatalytic films on stainless steel: the role of 
Degussa P-25 in modified sol-gel methods, Applied Catalysis B: Environmental 62 
(2006) 255-264 
[15] G. Balasubramanian, D. D. Dionysiou, M. T. Suidan, V. Subramanian, I. Baudin, J.-
M. Laîné, Titania powder modified sol-gel process for photocatalytic applications, 
Journal of Materials Science 38 (2003) 823-831 
[16] A. Mills, G. Hill, M. Crow, S. Hodgen, An intelligence ink for photocatalytic films, 
Journal of Applied Electrochemistry 35 (2005) 641-653 
[17] M. Addamo, V. Augugliaro, A. Di Paola, E. Garcia-Lopez, V. Loddo, G. Marci, L. 
Palmisano, Photocatalytic thin films of TiO2 formed by a sol-gel process using titanium 
tetraisopropoxide as the precursor, Thin Solid films 516 (2008) 3802-3807 
[18] G. Balasubramanian, D. D. Dionysiou, M. T. Suidan, V. Subramanian, I. Baudin, J.-
M. Laîné, Evaluating the activities of immobilized TiO2 powder films for the 
photocatalytic degradation of organic contaminants in water, Applied Catalysis B: 
Environmental 47 (2004) 73-84 
[19] E. Carbonell, F. Ramiro-Manzano, I. Rodriguez, A.Corma, F. Meseguer, H. Garcia, 
Enhancement of TiO2 photocatalytic activity by structuring the photocatalyst film as 
photonic sponge, Photochemical & Photobiological Science 7 (2008) 931-935 
[20] J. Ryckaert, Fotokatalytische luchtzuivering door stikstofgedoteerde TiO2 dunne 
filmen, Universiteit Gent, 2013 
[21] http://hal.archives-ouvertes.fr/docs/00/28/08/16/PDF/08067.pdf 
[22] T. Mizuno, H. Nagata and S. Manabe, Attempts to avoid cracks during drying, 
Journal of Non-Crystalline Solids 100 (1988) 236–240 
[23] T. Cheng and R. Raj, Flaw generation during constrained sintering of metal-glass 
multilayer films, Journal of American Ceramic Society 72 (1989) 1649–1655 
[24] A. Jagota and C. Y. Hui, Mechanics of sintering thin films-II cracking due to self-
stress, Mechanics of Materials 9 (1990) 107–109 
[25] G. K. L. Goh, S. K. Donthu and P. K. Pallathadka, Cracking and orientation of 
solution-deposited rutile TiO2 films, Chemistry of Materials 16 (2004) 2857–2861 
[26] M. Bockmeyer, P. Löbmann, Crack formation in TiO2 films prepared by sol-gel 
processing: quantification and characterization, Thin Solid Films 515 (2007) 5212-5219 
      Chapter 8          Determination of the relation between film thickness and photocatalytic activity 
 
 
191 
 
[27] F. Zhou, K. Liang, H. Shao, Study on the cracking of SiO2-TiO2 films prepared by 
sol-gel method, Materials Science forum 475-479 (2005) 1227-1230 
[28] I. Cimieri, H. Poelman, J. Ryckaert, D. Poelman, Novel sol-gel preparation of V-
TiO2 films for the photocatalytic oxidation of ethanol in air, Journal of Photochemistry 
and Photobiology A: Chemistry  263 (2013) 1-7 
[29] S. C. Jung, S. J. Kim, N. Imaishi, Y. I. Cho, Effect of  TiO2 thin film thickness and 
specific surface area by low-pressure metal-organic chemical vapor deposition on 
photocatalytic activities, Applied Catalysis B: Environmental 55 (2005) 253-257 
[30] C. Y. Wu, Y. L. Lee, Y. S. Lo, C. J. Lin, C. H. Wu, Thickness-dependent 
photocatalytic performance of nanocrystalline TiO2 thin films prepared by sol-gel spin 
coating, Applied Surface Science 280 (2013) 737-744 
[31] U. Černigoj, U. L. Štangar, P. Trebše, P. R. Ribič, Comparison of different 
characteristics of TiO2 films and their photocatalytic properties, Acta Chimica Slovena 
53 (2006) 29-35 
[32] A. A. Ramírez-Santos, P. Acevedo-Peña, E.M. Córdoba, Enhanced photocatalytic 
activity of TiO2 films by modification with polyethylene glycol, Quimica Nova 35 
(2012) 1931-1935 
[33] K. Eufinger, D. Poelman, H. Poelman, R. De Gryse, G. B. Marin, TiO2 thin films 
for photocatalytic applications, Thin solid films: process and applications (2008) 189-
227 
[34] D. Poelman, P.F. Smet, Methods for the determination of the optical constants of 
thin films from single transmission measurements: a critical review, Journal of Physics 
D: Applied Physics 36 (2003) 1850  
[35] M. R. Baklanov, K. P. Moglinov, V. G. Polovinkin, F. N. Dultsev, Determination of 
pore size distribution in thin films by ellipsometric porosimetry, Journal of Vacuum 
Science and Technology B 18 (2000) 1385-1391 
 
 192 
 
 193 
 
Chapter 9 
Concluding remarks and future 
prospects 
 
The effects of continuous release of hazardous agents into the air and water, have led to 
global awareness of the importance of a clean environment. In recent years, the 
increased environmental sensibility of the public opinion and legislators has prompted 
the research activity into the development of technologies and materials for pollutant 
abatement. 
Photocatalysis is a promising technique to remove small amounts of volatile organic 
compounds (VOCs), representing one of the most important groups of air contaminants 
from polluted indoor atmospheres. TiO2 has emerged for its excellent photocatalytic 
properties applicable to environmental purification. Despite the large number of 
publications reporting about the several applications of TiO2 in optical and technological 
fields, most of its applications are still limited to UV light irradiation because TiO2 only 
absorbs light with wavelengths shorter than 380nm. Innumerable are the works done 
aimed at addressing this major TiO2 drawback however, it is challenging to draw general 
conclusions because literature data are sometimes conflicting. Besides, a basic 
understanding of TiO2 and the effects of approaches such as doping and ion implantation 
oriented to extend its spectral sensitivity to visible light,  is still lacking. 
Therefore, this PhD dissertation was mainly aimed at the development of innovative sol-
gel processes for the production of TiO2 photocatalyst films highly active under visible 
irradiation. 
Although the research reported in this thesis addressed to some of the aspects governing 
the photocatalytic activity of TiO2 and some important conclusions have been drawn, 
there are still many intriguing questions to answer, some of which arose throughout this 
dissertation and additional research might get underway to study these issues further. 
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 A lot of attention has been given to doping of the TiO2 films with different elements. 
This has led to a broad range of materials which were investigated. While films were 
obtained which were highly active under visible irradiation, there still seem to be some 
“hidden” parameters that influence the performance of films, but were not clearly 
identified. The dopant source and more in general, the synthetic path, turned out to be a 
crucial factor in determining the performance of the titania films. However, complex 
analysis techniques would be needed to investigate the local structure and in particular, 
to pinpoint the position occupied by the dopant ions within the TiO2 host matrix. 
Extended X-Ray Absorption Fine Structure/ X-Ray Absorption Spectroscopy 
(EXAFS/XAS) is the most suitable technique to obtain this kind of information. These 
measurements could be supported by other methods such as Density Functional Theory 
(DFT) calculations.  
Although the nitrogen and vanadium co-doping has proven to be detrimental if 
compared with V-doping only, the combination of europium and nitrogen might be 
promising for extending the optical absorption of TiO2 to visible light. Then, the 
photoconductivity of the films might be measured in order to have a direct measurement 
of the electron-hole pair generation. Specifically the measurement of the transient 
photoconductivity would allow to estimate the recombination rate and life time of the 
charge carriers. Further, it would be interesting to study the wavelength dependence of 
activity as a function of the absorption in the film. 
  
The dependence of film thickness on photocatalytic activity has been determined with 
the experimental measurement conditions used in this work however, the porosity of the 
films stood out to be also an essential parameter in determining the photocatalytic 
activity.  Therefore the effect of the addition of porogens such as polyethylene glycol 
(PEG) of polyvynilpyrrolidone (PVP) on the surface area and photocatalytic activity of 
the films might be investigated. To accomplish this study nevertheless, a new technique 
allowing to estimate the surface area of thin films, should be used. The fraction of 
porosity in the film might be estimated by the refractive index determined from UV-Vis 
spectrophotometry or ellipsometry, however, it does not give any information about the 
pore size or the pore size distribution. For this purpose, ellipsometric porosimetry may 
be used since it measures the change of the optical properties and thickness during 
adsorption and desorption of a volatile species either at atmospheric pressure or under 
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reduced pressure, providing a complete characterization of the porosity and pore size 
distribution of porous thin films whose pore diameters  is in the range 1 (or even below) 
-50nm. 
It is clear that photocatalysis is a technology which is promising for both air and water 
purification, and as such it is being used in pilot set-ups as well as in commercial 
applications. Nevertheless, it is still not a mature technology and there is ample room for 
improvement in the performance of the photocatalytic materials – notably in visible light 
– and in the fundamental understanding of the details of the photocatalytic process on 
the atomic scale. 
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Summary 
 
This dissertation was aimed at developing innovative sol-gel processes in order to 
produce thin film photocatalysts which are highly active under UV and visible 
irradiation. Titanium oxide is an n-type semiconductor whose concentration of free 
charge carriers can be increased by doping and where doping can decrease the effective 
forbidden energy gap enabling the excitation by means of visible light. Therefore, this 
thesis mainly focuses on the development of doped photocatalysts exhibiting high 
reactivity under visible light. 
 
Non-aqueous processes disclose several advantages with respect to the complex aqueous 
sol-gel routes, among which the possibility of synthesizing nanomaterials with high 
crystallinity and uniform particle morphologies and size without using surfactants. The 
beneficial effect is mainly due to the stabilizing effect of the organic species as well as to 
the moderate reactivity of the C-O bond which slow down the reaction rates.  
A non-aqueous sol-gel route for producing vanadium-, niobium and tantalum- doped 
TiO2 catalysts has been proposed. Two dissimilar doping approaches have been 
employed to make V-doped titania samples and the different effects on the 
photocatalytic activity have been discussed according to the different precursors used 
and hence the unlike distribution of the vanadium ions in the TiO2. The effect of pre-heat 
treatment and firing temperature on the physical and photocatalytic properties of the 
catalysts has been investigated. In addition the influence of diethylene glycol (DEG), 
used in order to stabilize the sol and promote a better adhesion of the film on the 
substrate, was studied. 
 
A novel non-aqueous sol-gel process involving NH4VO3 as vanadium precursor has 
been developed to produce visible light-driven photocatalysts. The efficacy of the 
aforesaid precursor in sensitizing TiO2 catalyst to visible light has been established. It 
has been demonstrated that diethanolamine, which is used as stabilizer in the synthetic 
path, also acts as nitrogen source leading to an improved photocatalytic performance.  
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Non-aqueous routes, overcoming some of the major limitations of aqueous systems, 
represent a rather good alternative, however, some efforts must be devoted to the study 
and understanding of the complicated chemical aspects which control the aqueous sol-
gel process.  Stable TiO2 sols have been synthesized by a new aqueous sol-gel process. 
The influence of different solvents as well as a dissimilar amount of hydrolyzing agent 
on the microstructure, optical and morphological properties of the catalysts has been 
assessed. The photocatalytic properties of the thin films obtained by this aqueous sol-gel 
method have been compared with the activity of films prepared using the same titanium 
precursor by a non-aqueous sol-gel process. The activity was evaluated in both 
photodegradation of ethanol in air and 4-nitrophenol in water and it has been proven that 
the same factors play a role in photocatalytic activity in an aqueous environment and air. 
Indeed, it stood out that in both media, the activity increases with the diminishing of 
crystallites size and with the increasing of the band gap.  
 
The aqueous sol-gel process elaborated has been applied for producing a series of rare 
earth doped TiO2 films whose properties have been extensively investigated in relation 
to the doping ion features and its content. All the samples have been tested for the 
photocatalytic oxidation of pollutant both in UV+Vis and visible only irradiation in 
order to evaluate the effect of synthetic modifications on the photocatalytic 
effectiveness. It has been demonstrated that doping with lanthanides (La, Ce, Nd, Sm, 
Eu, Gd, Dy and Ho) greatly enhances the photoresponse in the visible region of the sol-
gel derived catalysts. In particular, the different effects of the rare earth ion dopants on 
the photoefficiency of the catalysts have been discussed referring to the dopant nature 
and the different contents loaded.  
 
The second research goal proposed for this thesis concerned the optimization of thin film 
deposition methods on glass substrates aimed at the achievement of thin coatings whose 
thicknesses could be correlated with the photocatalytic performance. Two series of 
transparent and homogeneous undoped TiO2 films with ascendant thickness have been 
prepared using two innovative sol-gel synthetic routes.  
It has been proven that these films are photocatalytically active under UV+Vis 
irradiation for the degradation of ethanol in air and their efficiency has been improved 
linearly as a result of an increasing of their thickness. It has been confirmed that film 
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thickness is an important element that governs the activity and its quantification has 
been accomplished for the purpose of better understanding the physical phenomena 
(electron-hole pair generation, charge carrier diffusion, gas diffusion, …) that determine 
the photocatalytic activity.  
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Samenvatting 
 
Het doel van dit doctoraat was de ontwikkeling van innovatieve sol-gelprocessen voor 
de depositie van dunne-film fotokatalysatoren die actief zijn onder zowel UV als 
zichtbaar licht. Titaniumdioxide is een n-type halfgeleider waarvan de concentratie aan 
vrije ladingsdragers kan verhoogd worden door dotering. Tevens kan dotering zorgen 
voor een verlaging van de effectieve verboden zone, zodat excitatie met zichtbaar licht 
mogelijk wordt. Dit doctoraatsonderzoek focust daarom vooral op de ontwikkeling van 
fotokatalytische materialen die een hoge reactiviteit vertonen bij gebruik van zichtbaar 
licht. 
Watervrije sol-gelprocessen vertonen verschillende voordelen ten opzichte van sol-gel 
routes in waterig milieu, zoals de mogelijkheid om nanomaterialen met hoge 
kristalliniteit en uniforme deeltjesmorfologie en –grootte te bekomen zonder 
surfactanten. Het belangrijkste voordeel ligt vooral in het stabiliserende effect van het 
organisch oplosmiddel en de beperkte reactiviteit van de C-O binding, hetgeen de 
reactiesnelheid vertraagt. 
Er werd in dit werk een watervrij sol-gelproces voorgesteld voor de productie van 
vanadium-, niobium- en tantaalgedoteerde TiO2 katalysatoren. In het geval van 
vanadiumdotering werden twee verschillende doteringsmethodes gebruikt. Het effect 
ervan op de distributie van de vanadium-ionen in het TiO2 en op de fotokatalytische 
activiteit werd besproken. Zowel het effect van een thermische pre-anneal als van de 
temperatuur van de finale thermische behandeling werd onderzocht. Daarnaast werd 
getracht om met behulp van diëthyleenglycol (DEG) de sol te stabiliseren en een betere 
adhesie van de film op het substraat te verkrijgen. Er werd een nieuw watervrij sol-
gelproces ontwikkeld met NH4VO3 as vanadium precursor voor fotokatalytische films, 
bruikbaar met zichtbaar licht. De efficiëntie van deze precursor voor sensibilisering van 
TiO2 voor zichtbaar licht werd onderzocht. Het werd aangetoond dat diëthanolamine, 
gebruikt als stabilisator tijdens de synthese, tegelijk zorgt voor een stikstofbron die leidt 
tot een verhoogde fotokatalytische performantie. 
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Hoewel watervrije sol-gelroutes tegemoet komen aan een aantal van de belangrijkste 
beperkingen van waterhoudende processen, werd er ook de nodige aandacht besteed aan 
de complexe chemische aspecten van het sol-gelproces mét gebruik van water. Daarom 
werden ook TiO2-sols gesynthetiseerd met behulp van een nieuw sol-gelprocédé mét 
water. De invloed van verschillende oplosmiddelen en van de hoeveelheid product voor 
hydrolyse op de optische, structurele en morfologische eigenschappen van de dunne-
filmkatalysatoren werd bekeken. De fotokatalytische eigenschappen van deze filmen 
werd vergeleken met de activiteit van films, gesynthetiseerd op basis van dezelfde 
titaniumprecursor en een watervrij procedé. Zowel de activiteit voor afbraak van ethanol 
in lucht als 4-nitrofenol in water werd onderzocht; hierbij werd duidelijk dat dezelfde 
factoren een rol spelen in lucht en een waterig milieu. In beide gevallen neemt de 
activiteit toe met een verkleining van de kristallietgrootte en met een toename van de 
verboden zone van het TiO2.  
Het besproken waterhoudende sol-gelproces werd toegepast voor de productie van een 
reeks zeldzame-aardgedoteerde TiO2 lagen. De eigenschappen hiervan werd onderzocht 
in functie van de aard en concentratie van de dotering. Alle samples werd getest op de 
fotokatalytische oxidatie van ethanol, zowel met UV+ zichtbaar als alleen zichtbaar 
licht. Er werd aangetoond dat dotering met lanthanides (La, Ce, Nd, Sm, Eu, Gd, Dy en 
Ho) de fotorespons in het zichtbaar sterk kan verhogen. Voor de verschillende 
doteringselementen werd de activiteit gerelateerd aan de aard en de concentratie aan 
dopant. 
Een tweede onderzoeksdoelstelling van dit werk was de optimalisering van dunne-film 
depositiemethodes op glassubstraten, zodat een relatie kon worden gelegd tussen de 
filmdikte en de fotokatalytische activiteit. Op deze manier werd twee series TiO2 films – 
gebruikmakend van twee verschillende innovatieve sol-gelroutes - met variabele dikte 
geproduceerd. Hun activiteit voor de afbraak van ethanol onder UV + zichtbaar licht 
werd onderzocht; de fotokatalytische activiteit nam hierbij toe met de dikte. Het 
kwantificeren van de relatie dikte – activiteit werd gebruikt om tot een beter begrip te 
komen van de fysische processen (elektron-gatpaar vorming, diffusie van 
ladingsdragers, gasdiffusie, …) die de fotokatalytische activiteit bepalen.   
 
 
